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ABSTRACT

It is well known that a reduction in renal mass results in compensatory renal growth
(CRG) and functional adaptation of the remaining kidney. Age-related differences in
response to unilateral nephrectomy (UNX) have been demonstrated. Immature animals
respond primarily with hyperplastic CRG and have greater functional adaptation. Adult
animals respond primarily with hypertrophic CRG and do not have as complete functional
adaptation. The initiating mechanism(s) of the response to UNX remains elusive. There are
a paucity of conflicting reports describing the response of the fetus to UNX, and there are no
reports examining possible initiating mechanisms of the response. A study was undertaken
to examine the response of the late gestational (> day 130) ovine fetus to UNX and to
examine the role of growth hormone (GH) as a possible initiator of compensatory adaptation.
Glomerular filtration rate (GFR) in mls/min or mls/min/kg body weight was significantly
greater in sham operated (control) versus UNX animals 24 and 72 hours post-UNX. There
was no difference in GFR in mls/min/gm kidney weight between the two groups at 24 and
72 hours post-UNX. Fractional clearance of urinary electrolytes was increased (not
significantly) 24 hours post-UNX versus control animals. By 72 hours post-UNX, values
for fractional clearance of electrolytes had decreased and were similar to control animals.
Urine production 24 and 72 hours post-UNX was not different from control animals. No
significant increase in remnant kidney weight was found 24 or 72 hours post-UNX versus
control animals. By 72 hours post-UNX remnant kidney weight did trend toward an increase

(8.5%) over normal growth during this time. Protein and DNA content of the remnant



kidney as a measure of hypertrophy and hyperplasia, respectively, increased over extant
kidney values by 72 hours post-UNX. Mean plasma GH concentration, total GH secreted,
and the pulsatile nature of GH secretion was not different from control animals 24 or 72
hours post-UNX. It appears that the late gestational ovine fetus can undergo functional
adaptation and CRG following UNX, but the response is of a lesser magnitude compared

with the postnatal animal, and this adaptation appears to be GH independent.
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PART 1

INTRODUCTION



GENERAL BACKGROUND

It has been known from the time of Hippocrates and Leonardo da Vinci that the fetus
has a functioning urinary system as fetal urine production was observed (Needham, 193 ).
Until recently, the study of fetal renal physiology has largely been a theoretical science since
it was assumed that the placenta was solely responsible for maintenance of fetal homeostasis.
It is now known that the fetal kidney produces hormones and growth factors, and contributes
to fluid and electrolyte homeostasis, and acid-base balance (Robillard et al., 1992). The
importance of studying normal fetal renal function and the response the fetal kidney
undergoes with perturbation is now considered essential knowledge for the care of premature
infants and identification and management of fetal renal abnormalities.
Review of Renal Physiology

Normal renal function is essential for maintaining body homeostasis because the
kidneys serve to filter the plasma and remove substances from the plasma at a variable rate
depending on the need. The kidneys clear unwanted substances from the plasma filtrate into
the urine for excretion, and reabsorb substances that are needed. To maintain homeostasis,
excretion and intake must be matched, and it is the kidney that adjusts its excretion rates to
match intake. Not only does the kidney regulate water and electrolyte balance, but it also has
arole in excretion of metabolic waste products and foreign substances, regulation of arterial
pressure and acid-base balance, and erythrocyte , 1,25-dihydroxy vitamin D,, and glucose
production (McDougal, 1996).

Blood flow to the kidneys in the postnatal animal is approximately 20-25% of the
cardiac output. Blood enters the kidney via the renal artery and traverses the interlobar,
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arcuate and interlobular arteries and afferent arterioles which then lead to the glomerular

capillaries in the glomerulus. Fluids and solutes (except plasma proteins) are filtered at the
glomeruli to begin the process of urine formation (McDougal, 1996).

Urine formation is the result of filtration from the glomerular capillaries into the
nephron, which is the functional unit of the kidney. The plasma filtrate initially enters the
glomerulus at Bowman’s space and then flows through the nephron segments in the order
of proximal tubule, descending and ascending loop of Henle, distal tubule, connecting tubule,
cortical and medullary collecting tubule, and renal papillae to reach the ureter and then
bladder. The final fluid composition of the urine is the result of glomerular filtration and
reabsorption and secretion of substances from the tubules.

Plasma, water, and nonprotein crystalloids are separated from the blood cells and
protein at the glomerulus by the process of ultrafiltration. The forces involved in
ultrafiltration are the hydrostatic pressure within the glomerular capillaries, permeability of
the glomerular membrane, oncotic pressure of the plasma and hydrostatic pressure in
Bowman’s space (McDougal, 1996).

Th ability of the tubules to increase the rate of reabsorption in response to increased
tubular load is known as glomerulotubular balance. The mechanism of glomerulotubular
balance allows the rate of reabsorption of substances to increase as the filtered lbad increases
even though the percent of glomerular filtrate reabsorbed in the proximal tubule remains
constant. This mechanism is important because it prevents overloading of the more distal

tubule segments as the filtered load increases (McDougal, 1996).



Another important feedback mechanism that is intrinsic to the kidneys that keeps

renal blood flow and glomerular filtration rate (GFR) relatively constant despite marked
changes in systemic arterial blood pressure is autoregulation. Autoregulation preserves renal
blood flow so that GFR is held relatively constant to allow precise control of renal excretion
of water and solutes (McDougal, 1996).

Glomerular filtration rate is the amount of fluid arriving into Bowman’s space with
time. Glomerular filtration rate is calculated by measuring the urine and plasma
concentration of a substance that is freely filtered through the glomerulus and is neither
reabsorbed or secreted by the tubules. Inulin, a polymer of fructose that is found in dahlia
tubers, is the gold standard for measurement of GFR (McDougal, 1996).

Renal function in the late gestation fetus is present, although it is not of the same
magnitude as in the postnatal animal. It is known that in the late gestation fetus, amniotic
fluid is primarily regulated by fetal urine production. The fetal kidney is also essential for
normal growth and development as anephric individuals are growth retarded and display
abnormalities of bone formation (Nigam et al., 1996). The fetal kidney is also known to
contribute to the maintenance of cardiovascular integrity, fluid and electrolyte and acid-base
balance, and hormone synthesis (Smith et al., 1992).

Fetal renal blood flow is only 2-4% of the cardiac output, and is associated with a
high renal vascular resistance and low filtration fraction compared with postnatal individuals
(Smith et al., 1992). However, the mechanism of autoregulation of renal blood flow is

present in the fetus (Smith et al., 1992).




Fetal GFR is also of a lesser magnitude than the postnatal animal, but GFR does
increase with gestational age. The increase in fetal GFR correlates with fetal age and body
weight. Maturation of GFR is due to completion of nephrogenesis, reduction in renal
vascular resistance, increased function of the superficial nephrons, and moderation of the
forces of ultrafiltration (Smith et al., 1992). Increases in GFR prior to birth are due primarily
to the addition of new nephron units, with the remaining aforementioned causes responsible
for increases in GFR after birth (Smith et al., 1992).

Fractional clearance of urinary electrolytes is greater in the fetus than in the postnatal
animal. The reason for this difference is not known, but may be due to the large extracellular
volume of the fetus or insensitivity of the fetus to aldosterone (Smith et al., 1992). It is
known that glomerulotubular balance is present in the fetus, so imbalance of this mechanism
is not thought to be responsible for the greater renal clearance of electrolytes in the fetus
(Smith et al., 1992). Urinary phosphate concentration is found to be low in the fetus, and the
mechanism for this is not known (Smith et al., 1992).

Even though the placenta performs the majority of the homeostatic functions in the
fetus that are performed by the kidney in the postnatal period, the fetal kidney is functional,
albeit at a lesser magnitude compared with the postnatal period. The fetal kidney can make
adjustments in the renal excretion of substances, suggesting the major influences on fetal
renal function are those directed towards maintaining its own internal composition (Lumbers,
1983).

The area of fetal renal development and physiology was greatly advanced with the
advent of the chronic sheep preparation (Gresham et al., 1971). This system allows for
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venous, arterial and urinary catheter placement, and perturbation of the fetal kidney(s) with

return of the fetus to the normal uterine environment. Repeated measurements in the
unanesthetized fetus over time are thus possible, allowing for the study of fetal renal function
and the response of the fetus to experimental perturbation free from acute surgical and
anesthetic stresses. However, the study of renal physiology in fetal animals is still
technically difficult because the fetal animal is not in a steady state, and surgical procedures
are less well tolerated than in the postnatal animal. The main drawback of using this system
is not related primarily to the technical aspects so much as to accounting for the large
variability between fetal anjmals and to the establishment of normal fetal growth rate.

The fetal lamb has been the preferred animal model to study human renal physiology
because renal development of the lamb parallels that of man. Additionally, kidney and body
weights of the two are similar, and the size of the fetal lamb permits repeated sampling of
blood and/or urine over several hours and even days. Because it is possible to instrument
and surgically manipulate fetal lambs in early gestation, long-term study of perturbations
created early in the development process are possible.

Age-related Differences in Compensatory Renal Growth

It has also been known for centuries that removal, damage, or absence of one kidney
results in adaptive changes in the remaining kidney (Nowinski, 1969). These adaptive or
compensatory changes take the form of increased renal mass, known as compensatory renal
growth (CRG), and function of the remaining kidney (Malt, 1969). Compensatory changes

have been thought to be an appropriate response to reduced renal mass that allows the



individual to continue to meet the metabolic demands of the body, and thus body function

may continue without impairment.

However, there appears to be an age-related difference in the consequences of
compensatory changes in response to reduced renal mass. Studies in animals and man have
demonstrated that the compensatory response following uninephrectomy (UNX) is greater
in the young (MacKay et al., 1932; Kaufmann et al., 1975; Chevalier, 1992a; 1992b).
Although the young appear to have an adaptive advantage, their long-term outcome may
actually be worse. Unilateral renal agenesis (URA) is a clinical condition that demonstrates
how greater adaptation to reduced renal mass in the young may actually be maladaptive.
Individuals with URA are born with a solitary kidney, therefore; having a long interval in
which their remaining hyperfunctioning kidney is exposed to adaptive changes. It was
thought that URA was a benign condition. However, long-term studies of these individuals
now demonstrate that children with URA develop a significant risk for focal segmental
glomerulosclerosis, hypertension, proteinuria, and renal failure as adults (Kiprov et al.,
1982; Argueso et al., 1992). Findings in rats have shown that male gender and young age
at the time of UNX are risk factors for early renal damage, especially focal segmental
glomerulosclerosis, with subsequent functional loss (O’Donnell et al., 1985; Okuda et al.,
1987; Provoost et al., 1991; Nagata et al., 1992).

A recent study performed at The University of Tennessee Medical Center found the
incidence of séme type of obstructive uropathy to be one in 211 live births (Malagon and
Moore, 1994). Therefore, congenital conditions that may lead to a compensatory renal
response are not infrequent findings. The impact on the health of the child and the emotional

7



and financial burden of these problems on the family are potentially devastating. Therefore,

a better understanding of the initiating mechanism(s) and consequences of compensatory
adaptation in the fetus will help clarify clinical decisions and patient counseling in such

Cases.



RATIONALE AND RESEARCH AIMS

Rationale

Much basic information is known regarding compensatory adaptation to reduced
renal mass in the adult and young individual. Because there are age-related differences
between these two groups in the type and magnitude of CRG and the mechanisms
stimulating CRG, fetal CRG may be similar or different from the response seen in the young
and adult animal. There are only a few reports in the literature regarding compensatory
renal adaptation in the fetus, and none of these studies addresses the total response to a
reduction in renal mass including functional adaptation, CRG, and potential initiators of the
compensatory response (Malt and Lemaitre, 1969; Goss and Walker, 1971; Moore et al.,
1979; Peters et al., 1993). Because of the greater possibility of potentially devastating effects
on individuals that suffer nephron loss in the early stages of development, the chronic sheep
model was chosen as a way to investigate the manner and extent of CRG and functional
adaptation in the fetus. Identification of potential initiator(s) of CRG, such as growth
hormone (GH), were also investigated since this may provide an avenue for therapeutic
intervention. By examining the response the fetus undergoes to a reduction in renal mass in-
utero, questions regarding the magnitude of CRG and functional adaption, and potential

triggers of such a response can begin to be answered.



Research Aims/Hypothesis

Using UNX in the chronic sheep model the following specific aims were examined:

1.

Documentation of normal renal function parameters including glomerular
filtration rate, fractional clearance of urinary electrolytes, and urine flow rate.
Hypothesis: By using standard clearance techniques, renal function can be
fully documented in the ovine fetus.

Documentation of changes that occur in renal function is response to UNX
in the ovine fetus.

Hypothesis: Because the ovine fetal kidney does have functional capacity
albeit it at a reduced level compared with the postnatal animal, it is expected
that renal function will undergo compensatory adaptation in response to
UNX.

Documentation of the degree of renal hypertrophy and/or hyperplasia that
occurs in the ovine fetus in response to UNX.

Hypothesis: It is expected that the remnant fetal kidney will undergo CRG
in response to UNX as demonstrated by hypertrophy and/or hyperplasia.
Quantitation of plasma GH concentration by radioimmunoassay in the sham
operated ovine fetus and in the ovine fetus undergoing UNX.

Hypothesis: Because GH secretion following UNX does not change in the
immature rat, it is expected that no change in GH secretion will occur in the

ovine fetus following UNX.
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GLOMERULAR FILTRATION RATE AND FRACTIONAL
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ABSTRACT

Following a reduction in renal mass, it is known that adaptive changes occur in
glomerular filtration rate and tubular function in order to maintain homeostasis. These
adaptive changes following a reduction in renal mass have been well documented in the adult
and immature animal using the model of unilateral nephrectomy (UNX). It is still
controversial if UNX in the fetus produces a functional compensatory response as the
placenta is largely responsible for waste excretion. Therefore, the ability of the late
gestational fetal ovine kidney to undergo an acute functional adaptation to UNX was
examined. Glomerular filtration rate (GFR) in control animals (3.84 £ 0.42 mls/min) was
significantly greater than UNX animals (2.23 + 0.28 mls/min) 24 hours post-UNX at the P<
0.05 level. The same held true for comparison of GFR in mis/min/kg body weight 24 hours
post-UNX. However, when GFR was expressed in mls/min/gm kidney weight, there was
no difference between the control (0.17 + 0.02 mls/min/gm kidney weight) and UNX (0.20
+ 0.02 mls/min/gm kidney weight) groups. Glomerular filtration rate in control animals
(3.45 % 0.32 mls/min) was significantly greater than UNX animals (1.98 + 0.49 mls/min) 72
hours post-UNX at the P < 0.05 level. The same held true for comparison of GFR in
mis/min/kg body weight 72 hours post-UNX. When GFR was expressed in mls/min/gm
kidney weight, there was no difference between the control (0.16 + 0.01 mls/min/gm kidney
weight) and UNX (0.17 = 0.03 mls/min/gm kidney weight). Additionally, in UNX animals,
GFR expressed as mls/min/gm kidney weight was significantly greater than control animal
single kidney GFR expressed as mls/min/gm right kidney at 24 and 72 hours post-UNX (P<
0.05). Fractional clearance of urinary sodium, potassium, chloride, and phosphate all
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increased 24 hours post-UNX over control values, but the increase was not significant. By
72 hours post-UNX, fractional clearance of electrolytes had greatly decreased versus 24 hour
excretions, and values were much more similar to control values. At 72 hours post-UNX,
there was no significant difference between control and UNX animal clearance values. Urine
flow rates 24 hours post-UNX in control (11.77 + 1.88 mls/20 min) and UNX (9.06 + 1.45
mlé/ZO min) groups were not significantly different. At 72 hours post-UNX, urine flow rates
between control (11.34 + 2.65 mls/20 min) and UNX (7.03 + 1.79 mls/20 min) were not
significantly different. This study demonstrates that the fetal kidney does functionally adapt
to a reduction in renal mass by increasing GFR per amount of remaining functioning renal
mass. Additionally, glomerulotubular imbalance is initially disturbed following a reduction
in renal mass as evidenced by the increased fractional excretion of electrolytes 24 hours post-

UNX, but by 72 hours, balance is restored.
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REVIEW OF THE LITERATURE

Following a reduction in renal mass, it is necessary for adaptive changes to occur in
glomerular and tubular function in order to maintain homeostasis. The compensatory
changes in renal function that occur in response to a reduction in renal mass have not been
fully characterized. The adaptive mechanisms have been primarily documented in the adult
animal, with investigation of the response to a lesser extent in the young or immature animal.
Little is known about the functional changes, if any, that occur in the fetus in response to a
reduction in renal mass.

Changes in Renal Blood Flow Following Reduction in Renal Mass

The changes that occur in renal blood flow (RBF) following an acute reduction in
renal mass, such as unilateral nephrectomy (UNX) are varied. Early studies in the literature
showed either no change or a reduction in RBF in response to UNX (Peters, 1963; Allison
et al.,, 1973; Potter et al., 1974; Humphreys et al., 1978). These studies used clearance
techniques to measure RBF, therefore; small changes in RBF were not readily detected.
With the use of electromagnetic flow probes, other investigators have demonstrated a 13-
30% increase in RBF that can occur as early as 30 minutes following UNX (Krohn et al.,
1970; Chevalier and Kaiser, 1985).

In contrast to acute changes following UNX, most investigators agree that over time
following UNX, RBF in the remaining renal tissue increases. The increase in RBF occurs
predominately in the inner cortex and results from vasodilation (Kaufman et al., 1975).

Comparison of the magnitude of the increase in RBF in response to 75% nephrectomy in one
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day-old puppies versus eight week-old puppies demonstrated that the adaptive response was

greater and more complete in the more immature animal (Aschinberg et al., 1978). Studies
in guinea pigs have also demonstrated a compensatory increase in RBF in response to UNX
at birth that is up to 70% above that due to normal growth and development (Chevalier,
1983). In the immature animal, it appears that the increase in RBF in response to reduction
in renal mass occurs through a mechanism that is an acceleration of the normal
developmental pattern of increased RBF.

Changes in Glomerular Filtration Rate Following Reduction in Renal Mass

Glomerular filtration rate (GFR) is agreed by most investigators to increase in
response to an acute reduction in renal mass (Potter et al., 1974; Diezi et al., 1976; Provoost
and Molenaar, 1980). However, some investigators have found no increase in GFR in
response to an acute reduction in renal mass (Peters, 1963; Allison et al., 1973).

In contrast to the somewhat conflicting findings of the change in GFR in response
to an acute reduction in renal mass, the chronic response to reduction in renal mass is an
increase in GFR over time that is proportional to the remaining kidney weight (Galla et al.,
1974; Aschinberg et al., 1978). Additionally, it is known that increases in GFR after a
reduction in renal mass are greater in the young than in the adult (Aschinberg et al., 1978).

In the immature animal, deep nephrons are the primary functional nephrons with
subsequent involvement of more superficial nephrons over time. Therefore, a centrifugal
pattern of nephron maturation occurs with normal postnatal renal maturation (Spitzer and
Edelmann, 1971; Spitzer and Brandis, 1974). Animals undergoing nephrectomy at or shortly
after birth experience an accelerated centrifugal pattern of maturation with rapid recruitment
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of more superficial nephrons (Chevalier, 1982). That is, the compensatory increase in
superficial nephron GFR is greater than that of deeper nephrons. This is in contrast with
adult animals in which a reduction in renal mass results in an equal compensatory increase
in GFR in both superficial and juxtamedullary nephrons (Carriere and Brunette, 1977;
Buerkert et al., 1979). It is still unknown if the increase in GFR precedes, follows, or occurs
simultaneously with compensatory renal growth of the remaining renal tissue that also occurs
with a reduction in renal mass.

There are few studies in the literature documenting changes in GFR in response to
UNX in the fetus. In fact, to the author’s knowledge only one study exists (Moore et al.,
1979). Because the superficial nephrons of the fetus are essentially nonfunctional, it may be
expected that any increase in GFR in response to UNX in the fetus would be minimal
(Chevalier and Kaiser, 1985; Chevalier 1992 ). Additionally, because the placenta is
primarily responsible for homeostasis during the fetal period, it may be unnecessary for any
increase in GFR to occur. In the study by Moore et al., renal function in the 85-100 day fetal
lamb undergoing UNX was studied. Seventy-two hours after UNX, these investigators found
no significant increase in GFR. However, the GFR was increased 6-7% over sham operated
animals, demonstrating a trend toward functional adaptation (Moore et al., 1979). This study
demonstrates that the fetus is capable of responding with increased renal function , albeit at
a lesser magnitude than the postnatal animal, to a reduction in renal mass in-utero.
Changes in Fractional Clearance of Electrolytes Following Reduction in Renal Mass

Urine flow and urinary sodium excretion have been observed to abruptly increase in
response to reduced renal mass (Peters, 1963; Allison et al., 1973; Potter et al., 1974; Diezi
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et al., 1976). This response has been termed compensatory adaptation (Peters, 1963). An

increase in potassium excretion has also been observed following UNX (Ribstein and
Humphreys, 1984). The increase in excretion rates is thought to be a consequence of reduced
fractional reabsorption in the proximal tubule with absolute proximal reabsorption remaining
constant despite the increased filtration rate (Dirks and Wong, 1978; Diezi et al., 1978;
Shirley and Walter, 1991). However with increasing time post-UNX, fractional reabsorption
becomes similar to control animals (Hayslett et al., 1968). A more recent study by Shirley
and Walter documented changes in sodium and potassium excretion in the acute and chronic
stages following UNX (Shirley and Walter, 1991). These investigators found that at all times
post UNX, there was increased fluid delivery to the distal tubule, marked potassium secretion
from the distal tubule, and no increase in sodium delivery to the late distal tubule, suggesting
that natruresis was a result of reduced sodium reabsorption in the collecting ducts and/or
increased sodium delivery from deep nephrons. This study also found that acutely post
UNX, excretion rates of sodium and potassium doubled over controls, but by 30 days post
UNX, proximal reabsorption had increased 40% and glomerulotubular balanced was
restored. Thus, because hyperfiltration of remaining nephrons following a reduction in renal
mass occurs over time, fractional clearance of sodium per nephron must increase in the acute
period if sodium balance is to be maintained (Hayslett, 1979).

It is known that in the fetal sheep kidney, fractional clearance of sodium and chloride
is greater than in the adult, but the rate of excretion decreases as the fetus nears term
(Robillard et al., 1977). This may be due to the large extracellular volume in the fetus
(Robillard et al., 1992). In the fetal sheep, it is known that glomerulotubular balance does
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exist, so an imbalance in this mechanism cannot explain the increased urinary sodium

excretion (Lumbers et al., 1988). Other postulated mechanisms for increased sodium
excretion in the fetus include high circulating levels of cortisol, prostaglandin E, and I, , and
atrial naturietic peptide, low oxygen delivery to the fetal kidney, and a relative tubular
insensitivity to aldosterone (Robillard et al., 1992).

Potassium excretion in the fetal sheep increases as the fetus approaches term
(Robillard at al., 1980). The mechanism for this is not known, but may be related to
increased flow through the distal nephron, increased ATPase activity which is necessary for
potassium secretion, and increased sensitivity of the nephron to aldosterone (Robillard et al.,
1992).

Phosphate reabsorption by the fetal sheep kidney is between 60-100% (Hill and
Lumbers, 1988). The mechanism for this high rate of phosphate reabsorption remains
unknown. However, in the immature rat, growth hormone (GH) stimulates phosphate
reabsorption, and since GH levels are higher in the fetus than in post-natal life, the high rate
of phosphate reabsorption in the fetus may be GH related (Mulroney at al., 1989).

Only one report in the literature addresses the changes that occur in excretion of
substances in the fetus. Moore et al. found that excretion of phosphate increased
significantly over control values 72 hours post UNX in the 85-100 day fetal sheep (Moore
et al., 1979). Urinary excretion of other substances was not examined in this study.
However, this study did address the change in urine production that occurs following UNX
and found an increase in the urine flow rate of 92.3% over control values 72 hours post-
UNX.
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In summary, the functional changes that occur following reduction in renal mass have

been partially characterized in the young and adult animal. However, these changes have not
been well documented in the fetus, despite the implications a reduction in renal mass during
development may have on the long-term survival of the individual. Thus, a study was
undertaken to document the changes that occur in renal function in the late term ovine fetus

24 and 72 hours post-UNX.
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MATERIALS AND METHODS

Animal Instrumentation

Pregnant Dorset and mixed-breed Dorset ewes were obtained from a local source and
the gestational age was based on planned breeding dates. The fetuses used in the study were
greater than 130 days gestation, term 150 days. Upon arrival, ewes were given a through
physical examination and dewormed with albendazole per os. Additional health screening
tests consisted of complete blood count, plasma fibrinogen, serum biochemical panel,
urinalysis, leptospirosis titers, and Q-fever and brucella serology. Only ewes that passed the
physical examination and all health screening tests were admitted to the study. All ewes
were fed a commercial sheep feed and allowed free access to grass and alfalfa hay, mineral
block, and water. A seven day acclimation period was allowed prior to surgical
instrumentation.

Prior to surgery, the ewes were fasted for 24 hours. A jugular catheter was placed
prior to induction of anesthesia. Induction of anesthesia was achieved with diazepam (0.15
mg/kg IV) followed by ketamine (4 mg/kg IV). All ewes were then intubated and placed on
isoflurane to maintain anesthesia. Mechanical ventilation was used to ensure physiologic
fetal blood gases. Direct arterial pressure, end-tidal CO,, percent O, saturation, and arterial
blood gases were performed to monitor the ewe during the surgical procedure. A heating pad
under the ewe and a heat lamp placed directly over the surgical site were used to keep the
fetal lamb warm. After a surgical plane of anesthesia was attained and the ventral abdomen
sterilely prepared, a 20 cm incision through the skin, subcutaneous tissue and linea alba was
made starting at the umbilicus and extending caudally. The gravid uterus was then identified
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and an incision in an avasculular part of the uterus was made over the head of the tail of the
fetus. Both pelvic limbs of the fetus were then exteriorized from the uterus and wrapped in
warm saline soaked towels. The fetus was periodically lavaged with warm 0.9% NaCl
throughout the surgical procedure to maintain warmth. The proximal two-thirds of the fetus
remained submerged in amniotic fluid at all times during the procedure, and there was no
onset of spontaneous respiration by the fetus.

The fetal femoral artery and vein were catheterized via direct cut-down. Tygon
catheters (Tygon S-54-HL 1.02 x 1.78 mm, Baxter Scientific, Stone Mountain, GA) were
inserted approximately 10 cm and secured with 2-0 silk using a Chinese finger-trap pattern.
The muscle, subcutaneous tissue and skin over the catheter site were closed in a routine
fashion. The bladder was catheterized with Tygon tubing (Tygon S-50-HL 2.38 x 3.97 mm,
Baxter Scientific, Stone Mountain, GA ) via a suprapubic approach. The catheter was
inserted 5 cm and secured with a purse-string pattern. Linea alba, subcutaneous tissues and
skin over the site were then closed in a routine fashion. Nephrectomized fetal lambs had the
left kidney removed via a flank approach. The renal artery, vein, and ureter were double
ligated with O silk. The flank incision was closed in a routine fashion. Sham operated

animals had their left kidney exteriorized and gently manipulated for one minute, the time

approximating kidney removal in the nephrectomy group. The kidney was then replaced and

the flank incision closed in a routine fashion.

Once all surgical instrumentation was complete, the fetus was returned to the uterus.
Warm 0.9% NaCl was added to the uterus to replace amniotic fluid that was lost. Ceftiofur
sodium was administered to the ewe (2.2 mg/kg IV), and 50 mg was put into the uterus
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before closure. The uterus was closed with 1 chromic gut in a double inverting pattern with
the fetal catheters exiting through the uterine incision. Approximately 5-7 cm of the
catheters were tacked to the outside of the uterus. The remaining length of the catheters was
tied to a 0.5 cm diameter metal trocar 60 cm in length that was used to exit the catheters out
the right flank of the ewe. The exited catheters were secured with a purse-string suture, and
the catheter ends with attached adaptors placed in a plastic sealable pouch. A heparin lock
was placed in the venous and arterial catheters. The bladder catheter was tied onto itself so
that no urine could drain from the catheter. The linea alba was closed in a simple continuous
pattern with 2 proline. The skin was apposed with surgical skin staples.

At the end of the surgical procedure, the ewe was turned off gas anesthesia and
weaned off the mechanical ventilator. Flunixin megulmine (2.2 mg/kg IV) was administered
for additional analgesia at the time the gas anesthetic was discontinued. Once the ewe was
breathing spontaneously, she was placed on a padded cart and her abdomen and jugular
catheter site bandaged. The ewe was then rolled back to a stall and monitored until standing.
Most ewes were standing and eating hay within 30 minutes from entry into their stall.

Post-operatively, all ewes were returned to their usual diet. Monitoring consisted of
daily fetal blood gases, continuation of ceftiofur sodium IV twice daily, and physical
examination of the ewe three times daily. Catheters in the ewe and fetus were handled in a
sterile manner. Control animals were either single or twin pregnancies. Nephrectomized
animals were from single pregnancies in order to eliminate any confounding influence from
the twin.

Physiologic Studies
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Physiologic Studies

Either 24 or 72 hours after surgery, the ewe was transferred to the study room in a
small cart restricting her to the standing position. She was allowed free access to grain and
hay during the study period. Lactated ringers solution was administered I'V to the ewe at a
maintenance rate (2 ml/kg/hr) throughout the study period. A fetal arterial blood gas was
performed prior to the study period to ensure that the fetus was physiologic. Any fetus not
in the normal range for arterial blood gas values was excluded from the study. A baseline
sample of heparinized blood and urine was obtained prior to the start of each study.

Fetal glomerular filtration rate was determined using carboxyl-'*C inulin (DuPont/
NEN, Boston, MA) clearance. Prior to use, 1 m Ci of *C inulin was dissolved in 4 mls of
0.9% NaCl. Fifty microliter aliquots were frozen at -20 C for future use. At the time of use,
a 50 ul aliquot was dissolved in 22 mls of 5% dextrose, specific activity 0.578 «Ci/ml, and
then administered to the fetus as a 3 ml bolus I'V followed by constant infusion at a rate of
3.4 mls per hour for three hours. Constant infusion was achieved by use of a Sage infusion
pump (Sage Instruments, Boston, MA). After a one hour equilibration period, urine samples
were collected from the fetal urinary catheter via gravity flow over six 20-minute periods.
Collected urine volume from the six sample periods was recorded. Immediately after the 20-
minute collection period, the urine was aliquoted into portions and frozen at -80 C for future
electrolyte and protein analysis and for “C inulin scintillation counting. Approximately 2
mls of heparinized blood was collected from the arterial catheter midway through each urine
collection period. The volume of withdrawn blood was replaced with warm 0.9% NaCl given
IV at three times the volume of withdrawn blood. The blood samples were placed on ice
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and centrifuged in a refrigerated centrifuge to separate the plasma. Plasma samples were
frozen at -80 C for future electrolyte and protein analysis and '“C inulin scintillation
counting.

At the end of the collection periods the ewe was again anesthetized as before so that
a section of fetal liver and the fetal kidney(s) and the left maternal kidney could be harvested
for tissue analysis (see Part 3 Materials and Methods). Both the ewe and fetus were
euthanized while under general anesthesia with a barbiturate and phenytoin overdose
(Beuthanasia®-D Special 1ml/2.2kg IV; Schering-Plough Animal Health, Kenilworth, NJ).
Analytical Methods

Beta emission from the C inulin in the plasma and urine samples was measured in
triplicate in a liquid scintillation counter (Beckman Model LS-5000TD, Fullerton, CA).
Plasma and urinary sodium and potassium were measured using a flame photometer
(Instrument Laboratories Model IL-943, Lexington, MA). Plasma and urinary chloride were
measured using a digital chlorometer (Haake Buchler Model DP-957M, Saddle Brook, NJ).
Plasma and urinary phosphate was measured by the molybdate spectrophotometric method
of Chen et al. (Chen et al., 1956). Plasma and urinary protein was measured by the
spectrophotometric method of Bradford (Bradford, 1976).

Glomerular filtration rate was calculated using the following formula:

GFR (mls/min) = Urine volume x (urine "C inulin cpm - baseline cpm)

Time (min) x (plasma *C inulin cpm - baseline cpm)

Additionally, GFR was calculated in mls/min/kg and as mls/min/gm kidney weight.
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Fractional clearance (Fe) of urinary sodium, potassium, chloride, and phosphate was

calculated as follows: Fer,- GFR (mls/min) x Urine [X] x 20 min

Plasma [X] x Urine volume
Statistical Analysis
Significant differences between the means of the control (sham operated) and
nephrectomized fetal lambs were determined by Student’s ¢ test. Significant differences
between the means within groups was determined by paired Student’s ¢ test. Significance
was determined at the P < 0.05 level. SigmaStat™ statistical software was used for all

statistical analysis (Jandel Scientific, San Rafel, CA).

27



RESULTS

Glomerular Filtration Rate
24 hours post-uninephrectomy

Table 1' shows the changes in GFR 24 hours post-UNX. Values are expressed as
mean + standard error of the mean (SEM). Body weight in the control (sham operated)
group was 3.93 + 0.71 kg and weight in the nephrectomy group was 3.82 + 0.29 kg. The
difference in weights between the two groups was not statistically different. Glomerular
filtration rate expressed as mls/min was 3.84 + 0.71 in the control group and 2.23 + 0.27 in
the nephrectomy group. This represented a 72.2 % decrease in GFR in the nephrectomy
group and was a statistically significant decrease (P < 0.05). Glomerular filtration rate
expressed as mls/min/kg was 0.92 + 0.09 in the control group and 0.57 £ 0.04 in the
nephrectomy group. The difference between the two groups was 61.4 % and represented a
statistically significant difference (P < 0.05). Expression of GFR in mls/min/gm total kidney
weight was 0.17 + 0.02 in the control group and 0.20 + 0.02 in the nephrectomy group. The
difference between the two groups was not significant at the P < 0.05 level.

Table 2 shows GFR expressed as mls/min/gm of right kidney. The calculated value
in the nephrectomy group was 0.20 = 0.02 which was 150% more than the calculated value
0f 0.08 + 0.01 in the control group. This represented a statistically significant difference (P

< 0.05).

! All Tables and Figures appear after the Discussion section.

28

o



72 hours post-uninephrectomy

Table 3 shows the changes in GFR 72 hours post-UNX. Values are expressed as
mean + SEM. Body weight in the control group was 3.33 + 0.32 kg and weight in the
nephrectomy group was 3.35 £ 0.43 kg. The difference in weights between the two groups
was not statistically different. Glomerular filtration rate expressed as mls/min was 3.45 =
0.47 in the control group and 1.98 + 0.49 in the nephrectomy group. This represented a
74.2% decrease in the nephrectomy group was a statistically significant decrease (P < 0.05).
Glomerular filtration rate expressed as mls/min/kg was 1.03 & 0.07 in the control group and
0.59 + 0.07 in the nephrectomy group. The difference between the two groups was 74.5%
and represented a statistically significant difference (P < 0.05). Expression of GFR in
mls/min/gm total kidney weight was 0.16 £ 0.01 in the control group and 0.17 £ 0.03 in the
nephrectomy group. The difference between the two groups was not significant at the P <
0.05 level.

Table 4 shows GFR expressed as mls/min/gm of right kidney. The calculated value
in the nephrectomy group was 0.17 £ 0.03 which was 112.5% more than the calculated value
0f 0.08 + 0.01 in the control group. This represented a statistically significant difference (P
< 0.05). A summary comparison of right kidney GFR 24 and 72 hours post-UNX is shown
in Figure 1.

Fractional Clearance of Urinary Electrolytes
24 hours post-uninephrectomy

Table 5 shows values for fractional clearances of urinary electrolytes and

concentration of urinary protein 24 hours post-UNX. Values are expressed as mean + SEM.
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Clearance of sodium increased from 8.38 £+ 1.95% in the control group to 12.01 £ 7.17% in
the nephrectomy group representing a 43.3% increase. Clearance of potassium increased
from 33 + 6.52% in the control group to 80 = 20.92% in the nephrectomy group representing
a 142.4% increase. Clearance of chloride increased from 8.89 + 2.2% in the control group
to 16.38 £ 2.97% in the nephrectomy group representing a 84.3% increase. Clearance of
phosphate increased from 27.3 £ 7.48% in the control group to 28.4 = 11.46% in the
nephrectomy group representing a 4% increase. Urinary protein concentration increased
from 0.38 = 0.13 mg/ml in the control group to 0.48 + 0.14 mg/ml in the nephrectomy group
representing a 26.3% increase. None of these increases were statistically significant at the
P < 0.05 level.
72 hours post-uninephrectomy

Table 6 shows values for fractional clearances of urinary electrolytes and
concentration of urinary protein 72 hours post-UNX. Values are expressed as mean + SEM.
Clearance of sodium decreased from 7.16 £ 2.49% in the control group to 5.39 + 1.21% in
the nephrectomy group representing a 32.8% decrease. Clearance of potassium decreased
from 41.1 + 12.42% to 21.2 + 9.88% in the nephrectomy group representing a 93.8%
decrease. Clearance of chloride decreased from 7.48 + 3.01% in the control group to 5.33
+ 2.03 in the nephrectomy group representing a 40.3% decrease. Clearance of phosphate
increased from 20.8 £+ 11.9% in the control group to 25.6 + 17.9% in the nephrectomy group
representing a 23.1% increase. Urinary protein concentration increased from 0.29 = 0.08

mg/ml in the control group to 0.44 + 0.21 mg/ml in the nephrectomy group representing a
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51.7% increase. None of the changes in the nephrectomy group was statistically different
from the control group at the P < 0.05 level.
Urine Production
24 hours post-uninephrectomy

Table 7 shows mean + SEM values for urine production per 20 minute collection
period 24 hours post-UNX. Urine production was 11.77 + 1.88 mls/20 min in the control
group and 9.06 + 1.45 mls/20 min in the nephrectomy group. There was no statistical
difference between the groups at the P < 0.05 level.
72 hours post-uninephrectomy

Table 8 shows mean + SEM values for urine production per 20 minute collection
period 72 hours post UNX. Urine production was 11.34 + 2.65 mls/20 min in the control
group and 7.03 £ 1.79 mls/20 min in the nephrectomy group. There was no statistical

difference between the groups at the P < 0.05 level.
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DISCUSSION

Glomerular Filtration Rate

Glomerular filtration rate is defined as the sum of the filtration rates of each
functioning nephron and represents an index of functional mass. The results of the GFR data
indicate that following UNX in the late gestational fetal lamb, GFR when expressed as
mls/min or mls/min/kg does not increase. However, when GFR was expressed as ml/min/gm
kidney weight, there was no significant difference between the control and nephrectomy
groups, indicating the remaining nephrons in the UNX group had increased their function so
that GFR was similar to the control animal. In fact, when GFR was expressed as
mis/min/gm of right kidney, the UNX group had a statistically significant increase in GFR
which was 150% and 112.5% greater 24 and 72 hours post-UNX, respectively. When
comparing GFR in this manner, it is apparent that the remaining functional renal tissue in the
UNX group is functioning at a much higher level than the comparison right kidney in the
control group.

The control values for GFR in mis/min/gm of right kidney were obtained by halving
the value in mls/min/gm kidney weight, therefore; the value does not represent a true value
of right kidney GFR in the control animals. By using this method to estimate right kidney
GFR in the control animals, a value was obtained so that a general compérison between the
control and UNX groups could be made.

In the study by Moore et al., the GFR of 85-100 day old fetal lambs 72 hours post-
UNX was 1.43 £ 0.11 mls/min in the control group and 1.53 + 0.10 mls/min in the

nephrectomy group (Moore et al., 1979). Both of these values are less than the measured
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GFR in mls/min in our study for groups at 24 and 72 hours post-UNX. The differences in

the results in the two studies can be attributed to experimental design differences. In the
study by Moore et al. the fetal lambs studied were of a much younger age than ours (Moore
et al., 1979). Nephrogenesis is completed by day 130 of gestation in the fetal lamb
(Robillard et al., 1981). Prior to this time, the addition of new nephron units may be an
important determinant of GFR, so at a gestational age prior to complete nephrogenesis, it
may be expected that GFR would be less than after nephrogenesis is complete. In the fetal
human, it has been shown that upon completion of nephrogenesis, RBF increases leading to
an abrupt increase in GFR (Arant, 1978). Since we studied fetal lambs greater than 130 days
gestation, any increase in GFR following UNX would be a reflection of an adaptive
response in the functioning nephrons, and not the addition of new nephron units.
Additionally, the renal function studies done by Moore et al. were performed while the ewe
and fetus were under general anesthesia making comparison with the unanesthetized fetus
difficult (Moore et al., 1979).

Our measured values for GFR in the control animals compares well with established
values for GFR in the fetal lamb greater than 130 days gestation. Published values for GFR
in fetal sheep greater than 130 days gestation are in range of 3.94 + 0.4 mls/min. (Lumbers,
1983).

Many studies in the immature and adult animal measuring GFR in the acute phase
following nephrectomy have demonstrated an absolute increase in GFR in mls/min,
mis/min/kg and mls/min/gm kidney weight. In the late term fetal sheep, we were not able
to demonstrate an increase in GFR 24 or 72 hours post-UNX except when comparing
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remaining functional renal mass in the UNX group with single kidney GFR in the control

animals. This demonstrates that the fetal kidney can produce a compensatory response to
UNX in-utero albeit at a reduced magnitude when compared with the postnatal animal. If
the more chronic response to UNX in the fetus were studied, then perhaps one would be able
to measure a greater increase in GFR. However, because the placenta plays a major role in
fluid and electrolyte homeostasis, the functional response to UNX in-utero may never be as
complete as it is in the postnatal animal.
Fractional Clearance of Urinary Electrolytes

Fractional clearance of urinary electrolytes is a calculated value that represents the
renal tubular ability to reabsorb or clear that substance, and reflects the rate at which a
substance is removed from the blood into the urine. As was mentioned in the review of the
literature, it is expected in the acute phase following UNX that fractional clearance of
electrolytes will increase. This increase occurs because following UNX, hyperfiltration is
not established in the immediate period, therefore; fractional clearance of electrolytes
(especially sodium) per nephron must increase if intake is held constant in order to maintain
balance (Hayslett, 1979). In our study, 24 hours post-UNX fractional clearance of sodium,
potassium, chloride, and phosphate were all increased demonstrating glomerulotubular
imbalance. None of the increases were statistically significant most likely due to the great
variability in studying fetal individuals. This large variability was reflected in the SEM (see
Tables 5 and 6).

In contrast, by 72 hours post-UNX, the fractional clearance of urinary electrolytes
was greatly reduced compared with the 24 hour UNX values, and there was no significant
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difference between the control and UNX groups. Other reports in the literature documenting

changes in fractional clearance of electrolytes following UNX in the rat report that it takes
two to four weeks for fluid reabsorption to be similar to control animals (Hayslett et al.,
1968; Shirley and Walter, 1991). In this study, it appears as if glomerulotubular balance is
restored to the normal fetal rate by 72 hours post-UNX as the clearance values were greatly
reduced rate comparable to control animals. It is known in the adult rat that proximal tubular
adaptive changes to UNX are completed by five days (Dicker and Walter, 1991). This
process may be accelerated in the fetus and account for the rapid adjustment in clearance of
electrolytes. The compensatory changes that occur in tubular function in the fetus following
UNX would require micropuncture techniques to most fully document the response.

The only reported change in excretion in the fetus post-UNX measures phosphate
excretion in the fetal lamb (Moore et al., 1979). This study found a significant increase in
phosphate excretion 72 hours post-UNX. Theses results are different from ours, again
possibly due to the difference in fetal age and study conditions.

Urine Production

In our study, we found no statistical difference in urine production 24 or 72 hours
post-UNX. In the study by Moore et al. studying fetal lambs 72 hours post-UNX, a
statistically significant increase in urine production was found (Moore et al., 1979). An
increase in urine production would be expected in the acute phase following UNX because
sodium excretion is increased causing water to follow. This increase in water loss is directly
linked to inhibition of sodium reabsorption (Allison et al., 1973; Dirks et al., 1973; Shirley
and Walter, 1991). The lack of finding increased urine production in the acute phase
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following UNX in our study may be related to the hydration status of the ewe and/or fetus,

or changes in systemic blood pressure or intra-renal blood flow. However, if the control
urine flow rate (Tables 7 and 8) is halved providing comparison of control one-kidney urine
flow rate to remnant kidney urine flow rate, a 54% and 24% increase in urine flow rate 24
and 72 hours post-UNX is revealed, respectively. Halving of the two-kidney control urine
flow rate to obtain a one-kidney urine flow rate provides only an approximation of one
kidney urine flow rate as ureteral catheterization would be necessary to obtain accurate one-
kidney urine flow rates. By using this method to approximate control one-kidney urine flow
rate, it is apparent that the remnant kidney is producing more urine than the single control
kidney.

To summarize, it appears that the late gestational fetal sheep can functionally adapt
to an acute reduction in renal mass. Adaptation in this situation is demonstrated by an
increase in GFR per gram kidney weight and by rapid restoration Qf glomerulotubular

balance.

36



Table 1. Glomerular Filtration Rate (GFR) 24 Hours Post-Uninephrectomy.
GFR
GFR GFR (mls/min/gm
Group n Bw? (mls/min) | (mls/min/kg) | total kidney wt)
b SR Bl N A - —
Control 9 1393+042 | 3.84+£0.71 0.92 +0.09 0.17 £ 0.02
Nephrectomy [ 11 | 3.82+0.28 | 2.23+027" | 0.57+0.04 0.20+0.02
* P < 0.05 versus control group
2 BW = body weight in kilograms
Table 2. 24 Hour Right Kidney Glomerular Filtration Rate (GFR).
GFR
(mls/min/gm
Group n right kidney wt)
Control 9 0.08 £0.01
Nephrectomy 11 0.20 + 0.02°

* P < 0.05 versus control group




Table 3. Glomerular Filtration Rate (GFR) 72 Hours Post-Uninephrectomy.

GFR
GFR GFR (mls/min/gm
Group n Bw* (mls/min) | (mls/min/kg) | total kidney wt)
Control 6 | 333+£0.32 | 3.45+047 1.03+0.07 0.16 = 0.01
Nephrectomy |5 | 3.35£043 | 1.98+£0.49" | 0.59+0.07 0.17 £ 0.03

@ BW = body weight in kilograms
" P < 0.05 versus control group

Table 4. 72 Hour Right Kidney Glomerular Filtration Rate (GFR).

i ) GFR
(mls/min/gm
Group n right kidney wt)
Control 6 0.08 £ 0.01
Nephrectomy 5 0.17 £ 0.03"

P < 0.05 versus control group
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Table S. Fractional Clearance of Urinary Electrolytes 24 Hours Post-Uninephrectomy.

Urinary

Protein

Group n | %FeNa % Fe K % Fe Cl % Fe PO, (mg/ml)
Control 9 8.38x£1.95 33+£6.52 889+22 273+7.48 | 0.38+0.13

Nephrectomy 11 12.01 £7.17 80+£2092 | 16.38+£297 | 284+11.46 | 0.48+0.14

Table 6. Fractional Clearance of Urinary Electrolytes 72 Hours Post-Uninephrectomy.

A ———

Urinary

Protein

Group n % Fe Na % Fe K % Fe Cl % Fe PO, (mg/ml)
Control 6 7.16 £2.49 41.1+12.42 | 748+3.01 | 20.8+11.9 0.29 +0.08

Nephrectomy 5 5.39+£1.21 21.2+9.88 | 533+£2.03 | 25.6+17.9 0.44 +£0.21
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Urine Flow Rate 24 Hours Post-Uninephrectomy.

Table 7.
Urine Flow Rate
Group n (mls/20 min collection period)
Control 9 11.77 £ 1.88
Nephrectomy 11 9.06 £ 1.45
Table 8. Urine Flow Rate 72 Hours Post-Uninephrectomy.
Urine Flow Rate
Group n (mls/20 min collection period)
Control 11.34 £2.65
Nephrectomy 7.03+1.79
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GFR (mls/min/gm right kidney wt)

0.20 A

0.15 A

0.10 -

0.05 -~

0.00

24 & 72 hr GFR Control
24 hr GFR Nephrectomy
72 hr GFR Nephrectomy

Figure 1.  Right Kidney Glomerular Filtration Rate 24 and 72
Hours Post-Uninephrectomy

** =P < 0.05 versus control group
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PART 3

THE EFFECT OF UNILATERAL NEPHRECTOMY ON

COMPENSATORY RENAL GROWTH
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ABSTRACT

It has long been known that following a reduction in renal mass, the remaining renal
tissue undergoes compensatory renal growth (CRG). In response to uninephrectomy (UNX),
there are age-related differences in the type of CRG. Adult animals primarily undergo
hypertrophy and young or immature animals primarily undergo hyperplasia. Studies
examining CRG in the fetus are conflicting. Some investigators have found no evidence of
CRG following UNX and others have identified a significant growth response. To address
this issue, a study was performed in the late gestational ovine fetus to examine the magnitude
and type of CRG following left UNX. No significant increase in kidney weight was found
24 or 72 hours post-UNX versus sham operatedvage-matched controls. However, 72 hours
post-UNX, there was a trend towards an increased weight in the remnant kidney. The weight
of the right remnant kidney had increased in total weight by 8.5% over the normal growth
rate 72 hours post-UNX. Protein and DNA content of the kidney was used as a measure of
hypertrophy and hyperplasia, respectively. Neither of these parameters were increased over
sham operated animals. But, at 72 hours post-UNX, total remnant kidney DNA content had
increased 40% and total remnant kidney protein content had increased 51% compared to the
extant kidney. It appears that the late gestational ovine fetus does not demonstrate rapid
CRG, but there is an indication of hypertrophy and hyperplasia in the remnant kidney by 72
hours post-UNX. This is in sharp contrast to postnatal animals in which significant CRG can
be demonstrated following UNX within 24 hours. It may be that the late gestational fetus

needs a more chronic time course to undergo CRG in response to UNX.
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REVIEW OF THE LITERATURE

Overview of Compensatory Renal Growth

It has been known for centuries that removal, damage, or absence of one kidney
results in adaptive or compensatory renal growth (CRG) of the remaining kidney (Fine,
1986). Compensatory renal growth can occur in two forms: hypertrophy and/or hyperplasia.
Hypertrophy is defined as an increase in cell size and experimentally manifests as an increase
in tissue protein per DNA, protein per cell, or RNA:DNA ratio (Fine, 1986). With
hypertrophy, all of the component parts of the nephron are enlarged, but the proximal tubule
enlarges out of proportion to the rest of the nephron segments (Oliver, 1944; Fine, 1986; Fine
and Norman, 1989). On the ultrastructural level, it has been shown that the basolateral
membrane of the proximal tubule hypertrophies to a greater extent than the luminal
membrane (Salehmoghaddam et al., 1985). The increased size of the proximal tubule is
associated with increased reabsorption of solutes in order to maintain glomerulotubular
balance.

Hyperplasia is defined as an increase in cell number and experimentally manifests
as an increase in DNA content (Fine, 1986). With renal hyperplasia, no new nephron
formation results, so the increase in DNA represents an increase in the number of cells per
existing nephrons (Larsson et al., 1980).

Changes in RNA, protein, and DNA can occur within hours following a reduction
in renal mass and increases in total renal weight have been reported as early as 24 hours.
Increases in RNA can occur as early as 4 hours post reduction in renal mass and is largely
attributed to an increased production in ribosomal RNA synthesis (Meyer et al., 1996).
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However, decreased degradation of RNA may also play a role. Increases in protein content
occur following increases in RNA and increases in DNA content generally occur last (Meyer
etal., 1996). Increased DNA synthesis is not thought to occur before 9 to 18 hours following
a reduction in renal mass (Meyer et al., 1996). Although the compensatory response begins
very quickly following a reduction in renal mass, the total increase in mass is not complete
for up to four weeks (Malt, 1969; Fine, 1986; Meyer, 1996).

Age-related Differences in Compensatory Renal Growth

Unilateral nephrectomy (UNX) is an experimental method that is commonly used to
initiate the CRG response. The manner in which the adult and immature animal responds
to this procedure is different. In the adult, approximately 80% of CRG is due to hypertrophy
of primarily the proximal tubule (Johnson and Vera Roman, 1966; Johnson, 1969). Increases
in both RNA and protein, indicating hypertrophy, have been demonstrated within one hour
of UNX (Johnson and Vera Roman, 1966). The remaining 20% of the response is due to
hyperplasia which is demonstrated by an increase in DNA by approximately 18 hours post-
UNX (Johnson and Vera Roman, 1966; Fine, 1986). The increase in DNA is transient with
the maximum reached at 48 hours post-UNX (Johnson and Vera Roman, 1966). Thus, in the
adult animal, hypertrophy is the primary and predominant response to UNX implying the
mitotic capacity is markedly reduced after renal cells reach terminal differentiation.

The response to UNX in the young animal is somewhat different. The young
(neonatal, immature, or juvenile) animal responds to UNX predominately by hyperplasia
with the overall response to UNX greater than the adult (Dicker and Shirley, 1973; Hayslett,
1983; Celsi et al., 1986). Comparison of the response of adult and newborn rats to UNX
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found adults increased their remaining kidney weight by 30-40%, but newborn rats were able

to increase their kidney weight by 70% (MacKay et al., 1932). At one time it was thought
that young animals had the capacity to add glomeruli in response to UNX, but this has been
disproved with the advent of more sophisticated glomerular counting techniques (Kaufman
et al., 1975; Chevalier, 1982). It has also been proven that CRG continues for a longer
period in the young animal (Kaufman et al., 1975; Celsi et al., 1986). Celsi et al.
demonstrated that following UNX, CRG in adult rats was completed within three weeks, but
in young rats the process continued for 8-10 weeks (Celsi et al., 1986).

The reason for the age-related difference to UNX is still a matter of debate.
However, in all individuals, CRG is proportional to the magnitude of nephron loss, but the
degree of compensation is always greater in the young individual (Fine, 1986; Chevalier,
1992). Also, it has been found that over time, the extant kidney increases in mass by
approximately 50% and that remaining glomeruli increase in volume by 50% (Hostetter,
1995; Meyer et al., 1996). The question as to why CRG is primarily due to hyperplasia and
is more complete in the young still remains. The triggering mechanism(s) for CRG have
thus far eluded identification as well. This subject will be addressed in Part 4.

Fetal Compensatory Renal Growth

There are few studies on CRG in the fetus. Goss and Walker studied the effects of
UNX on fetal rats at day 19 of gestation. They found no difference in kidney weight versus
sham operated animals at 24 hours post-UNX. By 48 hours, there was a significant 8.6%
increase in kidney weight of UNX animals versus sham operated animals. By 72 hours post-
UNX the increase over sham operated animals was 4.9% and was no longer significant (Goss
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and Walker, 1971). However, in a study by Rollason, no evidence of CRG was found in
fetal rates uninephrectomized on day 19 of gestation either 24 or 48 hours later (Rollason,
1969).

There are two studies in the literature studying CRG in the fetal lamb. In a study by
Moore et al. fetal lambs between day 85-100 of gestation underwent UNX and were studied
72 hours later. They found statistically significant increases in weight of the renoprival
kidney and in renal cortical RNA and DNA (Moore et al., 1979). This study demonstrated .
that the increase in weight of the renoprival kidney was due to both hypertrophy and
hyperplasia.

In a study by Peters et al., compensatory renal growth following unilateral ureteral
obstruction was examined in fetal sheep. Surgical perturbation was performed on day 60 of
gestation with studies performed subsequently on day 75, 95, and 135 of gestation. Their
results indicated that the growth rate of the contralateral kidney was accelerated compared
with that of the control animal until 95 days of gestation. After that time, the growth rate
was not different from the controls. The growth response was hyperplastic in nature as DNA
concentration increased in parallel with the increase in kidney weight. No increase in RNA
or protein was measured. The average weight of both kidneys in the control and operated
groups was relatively constant at each time period studied. The hyperplastic response was
due only to addition of new cells per existing nephron as the total number of nephrons in the
control and operated groups was the smﬁe (Peters et al., 1993).

In a series of 20 human fetal autopsies with unilateral renal agenesis, Harteshorne et
al. identified CRG (Harteshorne, 1990). Laufer and Griscom used excretory urography to
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detect CRG in human newborns with unilateral nonfunctioning multicystic kidney disease.
Using this method, they were unable to detect any evidence of CRG (Laufer and Griscom,
1971).

Because the placenta performs most of the homeostatic functions performed by the
kidney in postnatal life, it is questionable why CRG would occur to a significant degree in
the fetus. To address this question, several investigators have performed maternal
nephrectomies and studied the fetal response. Rollason performed bilateral maternal
nephrectomies in the rat on day 18”2 of gestation and found an elevated mitotic index in the
nephrogenic zones of fetal kidneys and that fetal proximal tubule cell differentiation became
more rapid (Rollason, 1961). However, Goss found no increase in mitotic index in the
cortical areas of fetal rat kidneys from mothers uninephrectomized on day 19 of pregnancy
(Goss, 1963). In a study by Malt and Lemaitre measuring nucleic acids in the fetal kidneys
of mice from mothers uninephrectomized on day 17 of pregnancy, no increase in RNA/DNA
could be found in the fetal kidneys (Malt and Lemaitre, 1969).

Thus the occurrence of CRG in the fetus is still controversial. To examine the
possibility of CRG in response to an acute reduction in renal mass in-utero, UNX was
performed in the late gestation ovine fetus. Parameters examined as outcomes to address the
general question of the occurrence of in-utero CRG included growth rate of the contralateral

kidney as indicated by change in weight, and DNA and protein content.
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MATERIALS AND METHODS

Animal Instrumentation

All animals were subjected to health screening tests and acclimated as per Materials
and Methods in Part 2. Surgical instrumentation and manipulation were also performed as
per Materials and Methods in Part 2.
Sample Collection

At the time of nephrectomy and at the end of the physiologic study period, kidney
tissues were obtained for DNA and protein analysis. At the time of harvest, the tissues were
placed in individual plastic cups containing chilled 0.9% NaCl and placed on ice.
Analytical Methods

Following tissue removal, the entire kidney was weighed. A 0.5 gm full thickness
piece of kidney tissue was obtained for DNA and protein analysis. The remainder of the
kidney tissue was snap frozen in liquid nitrogen for future analysis.

The 0.5 gm slice of kidney tissue was homogenized in 10 mM Hepes in 1 mM EGTA
(pH 7.4) using an overhead stirrer with Teflon homogenizer (S/N: 0653 Wheaton Company,
Millville, NJ). Total kidney DNA concentration in the homogenate was determined by the
diphenylamine spectrophotometric method (Richards, 1974). Total kidney protein
concentration in the homogenate was determined by the Lowry spectrophotometric method
(Lowry et al., 1951). The amount of kidney homogenate used in the DNA assay was 20ul,
and the amount of kidney homogenate used in the protein assay was 40u]. The DNA assay
was read on a spectrophotometer at 600 nm, and the protein assay at 540 nm (Spectronic 610,
Milton Roy Company, Rochester, NY).
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Statistical Analysis

Significant differences between the means of the control (sham operated) and
nephrectomized fetal lambs were determined by Student’s ¢ test. Significant differences
between the means within groups was determined by paired Student’s ¢ test. Significance
was determined at the P< 0.05 level. SigmaStat™ statistical software was used for all

statistical analysis (Jandel Scientific, SanRafel, CA).
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RESULTS

Normal Kidney Growth Rate
24 hours

Comparison of the left and right kidneys of the control group showed no significant
difference between the means + standard error of the mean (SEM) of the weights.
Comparison of the left kidney of the nephrectomy group with the left kidney of the control
group was used to establish the normal growth rate of the kidney with time. This comparison
demonstrated a 20.8% increase in weight of the left kidney in 24 hours, representing the
growth rate.
72 hours

Comparison of the left and right kidneys of the control group showed no significant
difference between the means = SEM of the weights. Comparison of the left kidney of the
nephrectomy group with the left kidney of the control group was used to establish the normal
growth rate of the kidney with time. This comparison demonstrated a 14.5% increase in
weight of the left kidney in 72 hours, representing the growth rate.
Change in Kidney Weight
24 hours post-uninephrectomy

Table 1' shows the change in kidney weight 24 hours post-UNX. Values are
expressed as mean + SEM. Body weight in the control (sham operated) group was 4.25 =

0.37 kg and weight in the nephrectomy group was 3.60 + 0.27 kg. The difference in weights

! All Tables and Figures appear after the Discussion section.
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between the two groups was not statistically different. The weight of the control left kidney

was 11.60 £ 0.85 gms and the weight of the nephrectomy left kidney 9.60 + 0.64 gms. The
difference in the kidney weights was not statistically different. The weight of the control
right kidney was 11.20 + 0.85 gms and the weight of the nephrectomy right kidney 10.6 +
0.62 gms. The difference in the kidney weights was not statistically different. The
difference in weights of the nephrectomized left (9.60 + 0.64 gms) and right (10.60 % 0.62
gms) kidneys represented a 10.4% change and was statistically significant (P< 0.05). The
total kidney weight to body weight ratio in the control group was 0.56 £ 0.05% and 0.30
0.01% in the nephrectomy group and represented a significant difference (P < 0.05).
Table 2 shows the individual kidney weight to body weight ratios between the control
and nephrectomy groups. The left kidney comparison between the control (0.27 = 0.03%)
and nephrectomy (0.27 +£0.02%) groups was not significantly different. The right kidney
comparison between the control (0.26 + 0.04%) and nephrectomy (0.29 + 0.03%) groups was
not significantly different.
72 hours post uninephrectomy
Table 3 shows the change in kidney weight 72 hours post-UNX. Values are expressed
as mean + SEM. Body weight in the control group was 3.31 + 0.27 kg and weight in the
nephrectomy éroup was 3.40 + 0.33 kg. The difference in weights between the two groups
was not statistically different. The weight of the control left kidney was 10.24 + 0.85 gms
and the weight of the left nephrectomy kidney 8.94 + 0.68 gms. The difference in kidney
weights between the two groups was not statistically different. The weight of the control
right kidney was 10.00 + 0.89 gms and the weight of the nephrectomy right kidney 12.3 +
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1.43 gms, representing a 23% difference. The difference in weights between the two groups

was not statistically different. Comparison of right kidney weights 72 hours post-UNX is
shown in Figure 1. The difference in weight between the nephrectomized left (8.94 + 0.68
gms) and right (12.3 + 1.43 gms) kidneys represented a 37.5% increase and was statistically
significant (P< 0.05). Comparison of nephrectomy group left and right kidney weights 72
hours post-UNX is shown in Figure 2. The total kidney weight to body weight ratio in the
control group was 0.61 + 0.02% and 0.40 = 0.04% in the nephrectomy group and represented
a significant difference (P < 0.05).

Table 4 shows the individual kidney weight to body weight ratios between the control
and nephrectomy groups. The left kidney comparison between the control (0.31 + 0.03%)
and nephrectomy (0.27 + 0.09%) groups was not significantly different. The right kidney
comparison between the control (0.30 £ 0.03%) and nephrectomy (0.36 + 0.12%) groups was
not significantly different. However, the right kidney weight to body weight ratio in the
remnant kidney increased 20% over control values and 33% over extant kidney values.
Change in Kidney DNA and Protein Content
24 hours post-uninephrectomy

Table 5 shows the change in kidney DNA and protein concentration 24 hours post-
UNX. Values are expressed as mean = SEM. Left kidney DNA content was 25769.1 +
1156.61g/gm kidney wt in the control group and was 25631.9 + 1099.4 ng/gm kidney
weight in the nephrectomy group. The right kidney DNA content was 24165.5 + 1469.1
1g/gm kidney weight in the control group and was 22991.2 + 1181.6 ng/gm kidney weight
in the nephrectomy group. The differences in DNA concentration between the control and
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nephrectomy groups was not statistically different for the left or right kidneys. The left
kidney protein content was 85262.7 + 4655.9 mg/gm kidney weight in the control group and
was 87036.0 £ 5322.3 mg/gm kidney weight I the nephrectomy group. The right kidney
protein content was 87876.1 = 6667.7 mg/gm kidney weight in the control group and was
81132.7 + 2146.2 mg/gm kidney weight in the nephrectomy group. The differences in
protein concentration between the control and nephrectomy groups was not statistically
different for the left or right kidneys.

The control left kidney DNA to protein ratio was 0.31 + 0.02 and the ratio in the
nephrectomy group was 0.31 £ 0.03. The control right kidney DNA to protein ratio was 0.29
+ 0.03 and the ration in the nephrectomy group was 0.28 + 0.02. The differences in DNA
to protein ratios between the control and nephrectomy was not statistically different.

Paired ¢ testing of the means within groups for DNA and protein concentration and
DNA to protein ratio did not show any significant differences.

Table 6 shows the change in total kidney DNA and protein content 24 hours post-
UNX. Values are expressed as mean + SEM. Total left kidney DNA content was 0.229 +
0.013 gms in the control group and was 0.246 + 0.011 gms in the nephrectomy group. Total
right kidney DNA content was 0.271 + 0.016 gms in the control group and was 0.243 £
0.013 gms in the nephrectomy group. Differences in DNA content between the control and
nephrectomy groups was not statistically significant for left or right kidneys.

Total left kidney protein content was 0.989 + 0.54 gms in the control group and was
0.836 £ 0.051 gms in the nephrectomy group. Total right kidney protein content was 0.984
£ 0.075 gms in the control group and was 0.860 + 0.023 gms in the nephrectomy group.
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Differences in protein content between the control and nephrectomy groups was not

statistically different for left or right kidneys. Paired  testing between the means within the
groups for total DNA and protein content did not show any significant differences.
72 hours post-nephrectomy

Table 7 shows the change in kidney DNA and protein concentration 72 hours post-
UNX. Values are expressed as mean + SEM. The left kidney DNA content was 22497.9 +
2296.7 ug/gm kidney weight in the control group and was 20205.0 + 1748.9 ug/gm kidney
weight in the nephrectomy group. The difference in DNA content between the control and
nephrectomy left kidneys was not statistically different. The right kidney DNA content was
26293.6 + 1415.0 ng/gm kidney weight in the control group and was 20030.0 + 2010.5
ng/gm kidney weight in the nephrectomy group. The difference in DNA content between
the right kidney in the control and nephrectomy groups was 31.3% and was statistically
significant (P< 0.05).

The protein content in the left kidney was 84809.4 + 4573.9 mg/gm kidney weight
in the control group and was 72551.9 £+ 6714.9 mg/gm kidney weight in the nephrectomy
group. The protein content in the right kidney was 79030.5 £ 4573.9 mg/gm kidney weight
in the control group and was 75090.9 + 7860.2 mg/gm kidney weight in the nephrectomy
group. The differences in protein concentration between the control and nephrectomy groups
was not statistically different for the left or right kidneys.

The control left kidney DNA to protein ratio was 3.28 + 0.04 and the ratio in the

nephrectomy group was 0.29 + 0.03. The control right kidney DNA to protein ratio was 0.34
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% 0.02 and the ratio in the nephrectomy group was 0.28 + 0.04. The difference in ratios
between the groups was not statistically different for the left or right kidneys.

Paired ¢ testing of the means within groups for DNA and protein concentration and
DNA to protein ratio did not show any significant differences.

Table 8 shows the change in total kidney DNA and protein content 72 hours post-
UNX. Values are expressed as mean + SEM. Total left kidney DNA content was 0.231 +
0.030 gms in the control group and was 0.171 + 0.020 gms in the nephrectomy group. Total
right kidney DNA content was 0.263 =+ 0.025 gms in the control group and was 0.239 +
0.025 in the nephrectomy group. Differences in total DNA between control and
nephrectomy groups was not statistically significant for left or right kidneys. The 40%
increase in DNA between the left and right kidneys of the nephrectomy group was
statistically significant at the P < 0.05 level.

Total left kidney protein content was 0.866 + 0.106 gms in the control group and was
0.637 £ 0.208 gms in the nephrectomy group. Total right kidney protein content was 0.788
+ 0.077 gms in the control group and was 0.963 + 0.208 in the nephrectomy group.
Differences in protein content between the control and nephrectomy groups was not
statistically significant for left or right kidneys. There was a 51% increase in protein content
between left and right kidneys in the nephrectomy group, but this increase was not

statistically significant.
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DISCUSSION

Normal Growth Rate

Before any statement regarding CRG in response to UNX in the fetus can be made,
normal growth rates should be taken into account. During the fetal period, growth is
maximal, therefore; change in growth of the remaining kidney following UNX should be
viewed in light of the normal growth that is occurring. The magnitude of CRG in response
to UNX should ideally should be made against age-matched controls that take normal growth
rate into account. However, this is difficult to establish in the fetal sheep because there are
multiple fetuses with different body and kidney weights as well as tremendous variability
between animals. The more critical analysis of growth changes in response to UNX may be
performed by comparing left and right kidneys in the nephrectomy group. This method of
comparison is the standard that is used in the postnatal animal. For completeness sake,
analysis of the data was made between control and nephrectomy groups, and within the
nephrectomy group.

The normal growth rate in this study was established by comparing the difference in
kidney weight between the nephrectomized left kidney and the left kidney of the control
animal 24 or 72 hours later. By using this method, the normal growth rate was 20.8% in 24
hours and 14.5% in 72 hours. The latter value is similar to the 11% normal renal growth rate
established by Moore et al. in 72 hours in the midgestational fetal sheep (Moore et al., 1979).
However, their method of establishing control values was based on twin studies where a twin
fetus was removed and then 72 hours later the other twin removed. By comparing the
differences in kidney weights between the twins, normal growth rates were established. The
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study of unilateral ureteral obstruction in fetal sheep by Peters et al. did not report normal

renal growth rates, however, age-matched controls were used for comparison (Peters et al.,
1993).

It is important to note that the difference in body weights between the groups was not
significantly different at each of the two time periods studied. Since kidney weight is
proportional to body weight, the difference in body weight between the age-matched controls
and nephrectomy group cannot be different if a direct comparison between the groups is used
to establish a change in renal growth.

Change in Kidney Weight

In the present study, no significant increase in kidney weight was found 24 or 72
hours following UNX when comparing control and nephrectomy groups. Although by 72
hours post-UNX the renoprival kidney had increased in total weight 8.5% over the normal
growth rate, demonstrating a trend toward CRG. These resuits are different from those of
Moore et al. in which a significant increase in weight in the renoprival kidney was found 72
hours post-UNX in the fetal sheep (Moore et al., 1979). Differences in experimental design
could account for the disparity in results. The fetal sheep in the current study were late
gestational age versus midgestational age in the study by Moore et al. This could be a
significant difference as nephrogenesis is complete after day 130 in the fetal sheep (Robillard
et al., 1981). All animals studied by Moore et al. were between 85-100 days of gestation,
and all animals studied in the current protocol were greater than 130 days gestation. In the

midgestational fetal sheep, the animal is on a steeper phase of their growth curve and active
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nephrogenesis is occurring, therefore; the ability of the animal to respond to a reduction in
renal mass may be greater at this time.

The study of Peters et al. using the model of unilateral ureteral obstruction in the fetal
sheep also demonstrated an increase in kidney weight. In this study, animals underwent
ureteral ligation at day 60 of gestation and were studied at day 75, 95, and 135 of gestation.
The increase in kidney weight only occurred until day 95 as the kidney weight at day 135
was not different from the weight at day 95 (Peters et al., 1993). Again this may indicate that
the fetal kidney responds maximally to a reduction in renal mass when the perturbation
occurs before nephrogenesis is complete. Also, if the current study had evaluated the
response to UNX over a protracted time course, a significant increase in weight of the
renoprival kidney over control values may have been identified.

The kidney weight to body weight ratio in the 24 and 72 hour groups was
significantly greater in the control groups. Because body weight between the control and
nephrectomy groups for each of the two time periods studied post-UNX was not different,
and because kidney weight did not increase significantly during these two time periods, this
ratio essentially reflects a halving of the total kidney weight in the nephrectomy groups. It
is not surprising then that the kidney weight to body weight ratio in the control group would
be significantly greater than in the nephrectomy group. However, the individual right kidney
weight to body weight ratio, representing the proportion of the total body weight that is due
to right kidney weight, increased 20% over control values and 33% over extant values 72

hours post-UNX. The 33% increase in the remnant kidney over the extant kidney was
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statistically significant, and the increase in remnant right kidney weight to body weight
demonstrated that CRG did occur.
Change in Kidney DNA and Protein Content

In the present study, no change in kidney DNA, protein, or DNA to protein ratio
occurred 24 hours post-UNX when compared with age-matched controls. At 72 hours post-
UNX, no changes occurred in kidney concentrations of DNA or protein or the DNA to
protein ratio except for a significant decrease in right kidney DNA in the nephrectomy group.
The reason for this change is not clear, however the SEM in this group was somewhat large
and represented a 10% variance versus the control group in which the SEM represented a 5%
variance. Also, the great variation in fetal animals could account for this difference.

When total kidney DNA and protein content was examined, a 40% increase in DNA
and a 51% increase in protein content was demonstrated in the remnant kidney compared
with the extant kidney 72 hours post-UNX. Additionally, total right kidney protein content
was 36% greater in the remnant kidney compared with the right control kidney. This
indicates that hypertrophy predominates over hyperplasia, an unexpected finding in light of
the predominant hyperplastic response found in response to UNX in the immature animal.

Even though there was a 51% increase in total right kidney protein content 72 hours
post-UNX in the remnant kidney compared with the extant kidney, the increase was not
statistically significant. This finding is most likely related to the large variability in total
kidney protein content between animals in the right kidney nephrectomy group, and is

demonstrated by the large SEM in this group (Table 8).
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Unlike the study by Moore et al. in which renal cortical RNA and DNA were
increased 72 hours post-UNX, this study did not demonstrate any changes in markers of
hypertrophy or hyperplasia when compared with control animals. The difference in results
between the 2 studies could be explained by the age of the animals studied. This study
examined late gestational fetuses versus midgestational fetuses used by Moore et al., and
they also measured DNA and RNA in renal cortex only, but in the present study, DNA and
protein were measured in whole kidney (Moore et al., 1979).

It appears that the late term gestational fetal sheep responds differently to an acute
reduction in renal mass compared with the midgestational fetal sheep and certainly very
differently from the young and adult animal. It is possible that if the late term fetus was
exposed to a reduction in renal mass over time, a CRG response might become more
apparent. However, in the present study in the acute period following UNX, CRG was
demonstrated by an increase in remnant kidney weight to body weight ratio, and by an
increase in total remnant kidney DNA and protein content. A dramatic acute response to
UNX may not occur in the late gestational fetal lamb possibly because the fetus cannot
respond with rapid growth during this time of its development, or because the placenta

protects the fetus from some unknown stimulus that triggers CRG.
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Table 1. Change in Kidney Weight 24 Hours Post-Uninephrectomy.

Left Right

Group n Kidney Kidney BW* Kidney wt : BW
wt? wt _ (%)
Control 9 [11.60£0.85| 11.20+0.85 |4.25+0.37 0.56+0.05

Nephrectomy 18 | 9.60+£0.64 | 10.6+0.62" |3.60+0.27 0.30+0.01°

2 Kidney weight in grams

® Body weight in kilograms

* P < 0.05 versus control group

" P< 0.05 versus nephrectomy group

Table 2. Kidney Weight to Body Weight (%) 24 Hours Post-Uninephrectomy.
Left Right
Group n Kidney wt : BW Kidney wt : BW
Control 9 0.27 £ 0.03 0.26 £ 0.04
Nephrectomy 18 0.27 £ 0.02 0.29+£0.03
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Table 3. Change in Kidney Weight 72 Hours Post-Uninephrectomy.

Left Right
Kidney Kidney Kidney Wt : BW
Group n wt Wt BW* (%)
Control 7 [1024+£0.85 | 10.00+0.89 | 3.31 £0.27 0.61 +0.02

Nephrectomy | 8 | 8.94+0.68 | 12.3+1.43™ | 3.40+0.33 0.40 + 0.04

2 Kidney weight in grams

® Body weight in kilograms

" P < 0.05 versus control group

™ P< 0.05 versus nephrectomy group

Table 4. Kidney Weight to Body Weight (%) 72 Hours Post-Uninephrectomy.

Left |  Right
Group n Kidney wt : BW Kidney wt : BW
Control 7 0.31£0.03 0.30+0.03
Nephrectomy 8 0.27 £ 0.09 0.36 £ 0.12™

** P < 0.05 versus nephrectomy group
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Table 5.

Change in Kidney DNA and Protein Concentration 24 Hours Post-

Uninephrectomy.
] Left Right
Left Right Left Right Kidney Kidney
Kidney | Kidney | Kidney | Kidney DNA : DNA :
Group n DNA* DNA Protein” | Protein | Protein Protein
= —_—
Control 9 | 25769.1 | 24165.5 | 85262.7 | 87876.1 0.31 0.29
+1156.6 | £1469.1 | £4655.9 | £6667.7 | =0.02 % 0.03
Nephrectomy | 13 | 25631.9 | 22991.2 | 87036.0 | 81132.7 0.31 0.28
+1099.4 | £1181.6 | £5322.3 | £2146.2 | +0.03 =0.02

¢ DNA = ug DNA per gm kidney wt
b Protein = mg protein per gm kidney wt

Table 6. Total Kidney DNA and Protein Concentration 24 Hours Post-
Uninephrectomy.
Left Right Left Right
Kidney Kidney Kidney Kidney
DNA DNA Protein Protein
Group n (gms) (gms) (gms) (gms)
Control 9 0.229 0.271 0.989 0.984
+0.013 +0.016 + 0.054 + 0.075
Nephrectomy 13 0.246 0.243 0.836 0.860
+0.011 +0.013 + 0.051 +0.023
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Table 7. Change in Kidney DNA and Protein Concentration 72 Hours Post-

Uninephrectomy.

Left Right

Left Right Left Right Kidney Kidney

Kidney | Kidney | Kidney | Kidney DNA: DNA :

Group n | DNA® DNA Protein® | Protein | Protein Protein
224979 | 26293.6 | 84809.4 | 79030.5 0.28 0.34

Control 7 | £2296.7 | +1415.0 | £6686.9 | £4573.9 | +0.04 +0.02
Nephrectomy | 7 | 20205.0 | 20030.0 | 72551.9 | 75090.9 0.29 0.28

+1748.9 | £2010.5" | +6714.9 | +7860.2 | +0.03 = 0.04

2 DNA = ug DNA per gm kidney wt
b Protein = mg protein per gm kidney wt
* P < 0.05 versus control group

Table 8. Total Kidney DNA and Protein Concentration 72 Hours Post-

Uninephrectomy.
Left Right Left Right
Kidney Kidney Kidney Kidney
DNA DNA Protein Protein
Group n (gms) (gms) (gms) (gms)
Control 7 0.231 0.263 0.866 0.788

= 0.030 = 0.025 +0.106 +0.077

Nephrectomy 7 0.171 0.239 0.637 0.963
£0.020 | +£0.025" | *0.058 +0.208

¥

P < 0.05 versus nephrectomy group
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PART 4

THE EFFECT OF UNILATERAL NEPHRECTOMY ON PLASMA

GROWTH HORMONE CONCENTRATION

73



ABSTRACT

Removal of one kidney results in compensatory renal growth (CRG) of the remaining
kidney. A potential initiating factor in CRG is growth hormone (GH). It has previously
been determined that pulsatile GH secretion is increased following unilateral nephrectomy
(UNX) in the adult male rat, but not in the immature rat. The possibility that pulsatile GH
secretion may be altered in the fetus in response to UNX has not been examined. Therefore,
the role of GH in CRG following UNX in the late gestational ovine fetus was examined.
Plasma pulsatile GH secretion was measured by radioimmunoassay 24 and 72 hours post-
UNX. Mean GH concentration 24 hours post-UNX (127.7+ 13.6 ng/ml) was not statistically
different from the control group (135.7 = 14.7 ng/ml). Total GH secreted over the 5 hour
study period 24 hours post-UNX (38163.4 + 4013.3 ng/ml) was not statistically different
from the control group (40893.2 + 4491.6 ng/ml). The pulsatile nature of GH secretion 24
hours post-UNX was not different between the 2 groups and GH pulses occurred
approximately every 2-2'2 hours. Mean GH concentration 72 hours post-UNX (128.3 +=17.8
ng/ml) was not statistically different from the control group (156.3 £ 17.9 ng/ml). Total GH
secreted over the 5 hours study period 72 hours post-UNX (46815.2 + 5321.0 ng/ml) was not
statistically different from the control group (38463.8 + 5387.1 ng/ml). The pulsatile nature
of GH secretion 72 hours post-UNX was not different between the 2 groups and GH pulses
occurred approximately every 2-2%2 hours. Statistical significance was set at the P < 0.05
level. Therefore, it appears that GH in not an important mediator in the initial stages of the

compensatory response to UNX in the late gestational ovine fetus.
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REVIEW OF THE LITERATURE

That a reduction in renal mass results in the growth of the remaining renal tissue has
been known for centuries. Although the growth response and the functional adaptation that
accompany it have been described, the initiating step that triggers the compensatory process
remains elusive (Fine, 1986; Meyer et al., 1996). It is also unknown if the initiating
mechanism(s) of CRG occurs through local kidney factors or circulating factors. Several
lines of thought have been advahced that attempt to account for the initiation of
compensatory renal growth (CRG).

The Work Hypothesis

Because the kidneys are responsible for excreting the waste products of metabolism
(urea), it was reasoned that renal enlargement following a reduction in renal mass was a
simple response to an increased workload. This theory became known as the work
hypothesis and was first introduced by Sacerdotti and later advanced by Addis (Sacerdotti,
1896; Addis, 1917). Because the idea seemed logical, it was accepted as fact for some time.
However, studies administering a urea load failed to demonstrate CRG so the theory began
to fall into disfavor (MacKay et al., 1932). An additional argument against the work
hypothesis came from the model of uretero-peritoneostomy. In these studies, single nephron
glomerular filtration rate and sodium reabsorption increased 50-100%, but CRG did not
occur (Royce , 1963; Weinman et al., 1973). However, in these studies, it is possible that
delivery of urine into the circulation may have an inhibitory effect on growth. More recent
work has lead to the conclusion that CRG is not triggered by an increase in kidney work
linked to the reabsorption of solutes (Katz et al., 1978).
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Circulating Stimuli

Because a reduction in renal mass leads to an organ-specific response, a search for
a specific circulating stimulus for CRG has occurred. Several studies have been generated
suggesting that a reduction in renal mass results in release of circulating factors (renotropic
factors) that stimulate CRG. Increased renal DNA synthesis has been demonstrated
following injection of plasma or serum from uninephrectomized (UNX) animals into normal
animals (Lowenstein and Stern, 1963; Preuss and Glodin, 1976). Ogawa and Nowinski
demonstrated an increased mitotic index in renal cells in culture in response to serum
obtained from nephrectomized animals (Ogawa and Nowinski, 1958). This finding was
substantiated by other investigators as well (Preuss and Glodin, 1976). However, there are
other studies in the literature that were unable to demonstrate the presence of a serum or
plasma renotropic factor (Reiter and McCreight, 1964; Johnson and Vera Roman, 1968).

Although no one factor has been demonstrated to exclusively induce renal
hypertrophy and/or hyperplasia, several growth factors have been identified that induce renal
growth. A list of some of the promising growth promoters includes: growth hormone (GH),
insulin-like growth factor-I (IGF-I), epidermal growth factor (EGF), platelet-derived growth
factor (PDGF), and hepatocyte growth factor (HGF) (Meyer et al., 1996). Other substances
that are not classically thought of as growth factors but do have growth promoting properties
include: thyroxine, cortisol, angiotensin II, arginine vasopressin, and prostaglandin E,

(Meyer et al., 1996).
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Growth Hormone

Secretory pattern

Recent evidence has been advanced for a role of GH in CRG. It has been known for
a long time that GH is necessary for normal somatic growth and development. In most
species including the sheep, GH is produced by acidophils and secreted from secretory
granules in the adenohypophysis (Buonomo and Baile, 1990; Strobl and Thomas, 1994).
Growth hormone release is stimulated by GH-releasing factor (GRF) which originates in the
hypothalamus and traverses the hypophyseal portal system to reach the pituitary gland and
stimulate GH secretion (Buonomo and Baile, 1990; Strobl and Thomas, 1994). Somatostatin
(SRIF), also known as somatostatin-release inhibiting factor or GH-releasing inhibitory
factor, also originates from the hypothalamus and traverses the hypophyseal portal system
to inhibit GH release (Buonomo and Baile, 1990; Strobl and Thomas, 1994). Growth
hormone is released in a pulsatile manner due to episodic secretion of GRF and SRIF. The
episodic secretion of GRF and SRIF is due to feedback on these two releasing factors by GH
at the hypothalamic level (Buonomo and Baile, 1990; Strobl and Thomas, 1994). Secretion
of GH has positive effect on SRIF release and a negative effect on GRF release. In addition,
other hormones, neurotransmitters, and peptides have effects on GRF and SRIF so that the
release of GH in under control of a very complex feedback system. The complexities of GH
release has been reviewed elsewhere (Buonomo and Baile, 1990). The pulsatile nature of
GH release is responsible for its biological effects as constant or one time infusion of GH

results in fewer pronounced effects versus pulsatile administration (Strobl, 1994).
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Role in compensatory renal growth

Astarabadi and coworkers were the first to demonstrate that the anterior pituitary
gland is required for CRG in response to UNX (Astarabadi and Essex, 1953; Astarabadi,
1963a, Astarabadi, 1963b). Other investigators found that CRG was most severely limited
if nephrectomy was performed within 24-48 hours of hypophysectomy (Dicker et al., 1977).
This study suggests that pituitary hormones may be important mediators of early CRG.
Early on, GH was considered as the possible renotropic hormone of pituitary origin, but
because the pulsatile nature of GH secretion was not known at the time of these studies,
single time point determination of GH post-UNX did not show significant differences, so GH
was dismissed as an important renotropic factor ( Nicholson et al., 1979; Nomura et al.,
1982).

A recent study that has taken the pulsatile nature of GH into account did find an early
increase in pulsatile GH release after UNX in adult male rats (Haramati et al, 1994). In this
study, the investigators found an increase in GH release 24 hours post-UNX. The increase
was characterized by an increase in the amplitude of the GH surges and duration of release
with peak GH levels 3-4 times greater compared with control animals. By 48 hours post-
UNX, the GH concentration began declining (Haramati et al, 1994). Furthermore, when the
increase in GH secretion was blocked by a GH release inhibiting factor, CRG was
significantly attenuated (Haramati et al., 1994). These findings suggest that GH may be an

important mediator of the initial stages of CRG following UNX in the adult animal.
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The immature rat is in direct opposition to the adult rat as CRG is GH independent

(Mulroney et al., 1992a). Therefore, age-related differences in the initiating stimuli for CRG
are present and may also be species dependent.

It is known that GH is released in a pulsatile manner in the ovine fetus, and plasma
concentration is several fold greater than in the adult sheep as both amplitude and baseline
concentrations of GH are elevated in the fetus (Albers et al, 1993). In the ovine fetus, it is
thought that SRIF does not inhibit further GH release in response to GRF until near term (de
Zegher et al., 1989). The increased concentration of GH in the ovine fetus is thought to be
due to unchecked activity of GRF, and maturation of the GH-GRF-SRIF axis is not complete
until into the postnatal period (de Zegher et al., 1989)..

However, even though GH concentration is high in the fetus, GH is not thought to
be an important mediator of fetal growth and development as ancephalic individuals are not
growth retarded (Honnebier and Swaab, 1973). The apparent lack of effect of GH on in-
utero growth was thought to be due to immaturity and/or lack of GH receptors in fetal tissues
(Gluckman et al., 1983). A recent study using immunocytochemistry found GH receptors
associated with the cell membranes of liver, pancreas, skin, cerebral cortex, and renal
proximal and distal tubular epithelium in 14-16 week human fetuses (Hill et al., 1992).
Studies in fetal rats have also demonstrated the presence of GH receptors and GH receptor
mRNA, and specifically, GH receptor mRNA has been identified in the proximal straight
tubule and the medullary thick ascending loop of Henle (Garcia-Aragon et al.; Chin et al,

1992).
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It is still unknown if GH plays a direct role in fetal growth, but since GH receptors
and GH receptor mRNA has been identified in fetal tissues, it remains a possibility that GH
may have some role in fetal development. There are no studies in the literature addressing
the role of GH in the acute response to UNX in the fetus. A study was undertaken to
investigate the possibility that pulsatile secretion of GH was altered in response to UNX in

the late gestational ovine fetus.
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MATERIALS AND METHODS

Animal Instrumentation

All animals were subjected to health screening tests and acclimated as per Material
and Methods in Part 2. Surgical instrumentation and manipulation were also performed as
per Material and Methods in Part 2.
Sample Collection

Fetal blood (12 mls) was collected from the femoral artery catheter every 20 minutes
for 5 hours into heparin containing tubes. The withdrawn volume of blood was replaced with
3 times the amount of warm 0.9% NaCl. The blood tubes were placed on ice and spun in a
refrigerated centrifuge at 4 C. Plasma from the tubes was removed and aliqouted into
polypropylene tubes and frozen at -80 C for future GH analysis.
Radioimmunoassay of Growth Hormone

Plasma GH concentration was measured by double-antibody radioimmunoassay
(RIA). All assays were performed in duplicate. Ovine GH (oGH) for iodination and primary
(rabbit anti-sheep) antibody were courtesy of Dr. A.F. Parlow, National Hormone and
Pituitary Program, National Institute of Diabetes and Digestive and Kidney Diseases.

Chloramine-T radioiodination of oGH was performed using 1 mCi of Na'®I
(DuPont/NEN: NEZ-033A, Boston MA). All iodination reactions were carried out in the
shipping vial for the Na'?’l, and the iodination procedure performed under a fume hood
approved for radionucleotide use. Ovine GH was reconstituted with 0.01 M NaHCO3, pH
8.6 to achieve a final concentration of 0.1 pg/ul. Just prior to iodination, 100 xl of 0.5 M
phosphate buffer (pH 7.5) was added to 20 g of oGH and then the entire volume was added

81




to the Na'*’I. Chloramine-T (90ug in 0.05 M phosphate buffer) was added to the mixture
and the tube gently rotated for 45 seconds. Sodium meta-bisulfite (225 xg in 0.05 M
phosphate buffer) was added to the mixture and the tube gently rotated for 10 seconds.
Following this, 100 x1 10% BSA was added to the mixture. The entire mixture was placed
on a Sephadex G-50 column (20 cm x 8 cm polypropylene, Kontes Scientific; Vineland, NJ)
and eluted with 0.05 M barbital buffer pH 8.6 into borosilicate tubes containing 100 r1 1%
BSA-PBS. Approximately 500 .l was eluted into each tube and a total of 36 tubes were
collected.

Following elution, 2.5 ul from each tube was aliquoted into separate borosilicate
tubes and the gamma activity in the sample determined using a gamma counter (Cobra
II/Auto-Gamma counting system, Packard Instrument Company; Downers Grove, IL). The
results of the counts were graphed, and the first peak represented iodinated hormone.
Iodinated hormone was aliquoted and stored at -20 C for future use.

Prior to use in the RIA, approximately 8 x 10° cpm of oGH was repurified over
Sephadex G-100 through a 58 cm x 0.8 cm borosilicate column. Ovine GH was eluted with
barbital buffer and coliected in 36 aliquots of 1 ml. The aligouts were counted on a gamma
counter and the results plotted. Three peaks were obtained following elution, and the second
peak represented repurified oGH which was used in the RIA.

Fetal plasma samples (10ul) were diluted to 200 w1 with 1% BSA-PBS, pH 7.5.
Ovine GH for iodination was used to make assay standards so that the inhibition of binding
of radiolabeled oGH to specific antibody by unknown samples could be compared with the

inhibition by known standards. In borosilicate tubes, 200 w1 of standard or unknown was
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added followed by 300 ul of primary antibody (1:30,000), 500 .1 1% BSA-PBS buffer, and
50ul of repurified oGH (20,000-40,000 cpm). The tubes were gently mixed and incubated
at room temperature for 24 hours. Following incubation, 300 ul of secondary antibody
(sheep anti-rabbit) and 100 ul 12.5% polyelethylene glycol was added. The tubes were
gently mixed and incubated for an additional 2 days at room temperature. The tubes were
then spun at 3500 rpm for 30 minutes at 4 C. The supernatant was discarded, and the
radioactivity of the precipitate containing bound Na'?’I determined in a gamma counter.

Nonspecific binding was < 5% in all assays and total binding averaged 40% for all
assays. Coefficient of variation within and between assays calculated on replicates of fetal
plasma was 8.78 and 12.5%, respectively.
Statistical Analysis

Analysis of pulsatility of hormone secretion was performed employing the computer
algorithm Cluster (provided by Dr. J Veldhuis, University of Virginia, Charlottesville, VA).
Cluster analysis was also used to measure the mean plasma concentration of oGH and the
total amount of oGH secreted over the 5 hour study period (Veldhuis and Johnson, 1986).
Total hormone secreted was calculated based on total area under the curve for the duration
of the experiment.

Significant differences between the means of the control (sham operated) and
nephrectomy groups were determined by Student’s # test. Significance was determined at
the P< 0.05 level. SigmaStat ™ statistical software was used for all statistical analysis

(Jandel Scientific, San Rafel, CA).
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RESULTS

Plasma Growth Hormone Concentration
24 hours post-uninephrectomy

Table 1! shows the change in plasma GH concentration 24 hours post-UNX. Values
are expressed as mean =+ standard error of the mean (SEM). Growth hormone concentration
in the control group was 135.7 + 14.7 ng/ml, and concentration in the nephrectomy group
was 127.7 £ 13.6 ng/ml. The total GH secreted over the 5-hour study period in the control
group was 40893.2 + 4491.6 ng/5 hrs, and the total secreted in the nephrectomy group was
38163.4 = 4013.3 ng/5 hrs. Differences between the groups were not significant. The
pattern of hormone pulsatility between the 2 groups did not change and the mean pulse
interval for both groups was approximately 2-2'2 hours.
72 hours post-uninephrectomy

Table 2 shows the change in plasma GH concentration 72 hours post-UNX. Values
are expressed as mean = SEM. Growth hormone concentration in the control group was
156.3 £ 17.9 ng/ml, and concentration in the nephrectomy group was 128.4 + 17.8 ng/ml.
The total GH secreted over the 5-hour study period in the control group was 38463.8 +
5387.1 ng/ml, and the total secreted in the nephrectomy group was 46815.2 + 5321.0 ng/ml.
Differences between the groups were not significant. The pattern of hormone pulsatility
between the 2 groups did not change and the mean pulse interval for both groups was

approximately 2-2'; hours.

1 All Tables appear after the Discussion section.
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DISCUSSION

The results of this study show that UNX in the late term ovine fetus has no effect on
pulsatile growth hormone secretion. These results are similar to the findings of Mulroney
et al. in which no increase in GH secretion was found 24 hours post-UNX in immature male
rats (Mulroney et al., 1992a). Additionally, these investigators administered an antagonist
to GH-releasing factor and found CRG of the remnant kidney still occurred despite a
reduction in whole body gain (Mulroney et al., 1992a). This is in contrast to the findings in
adult male rats in which administration of a GH-releasing factor antagonist significantly
reduced CRG post-UNX (Haramati et al, 1994). Therefore, the conclusion drawn from these
studies is that is appears as if GH is not an important mediator in the acute phase of CRG in
the fetal or immature animal.

The role of GH in CRG in the immature or fetal animal cannot be ruled out as GH
may be working through local renal tissue effects without an increase in circulating levels.
This scenario would be feasible if renal tissue sensitivity to GH were increased post-UNX,
leading to increased local production of insulin-like growth factor I (IGF-I). It is known that
the circulating or endocrine form of IGF-I is translated from exon 2 of IGF-I mRNA, and is
released primarily from the liver in response to GH (Chatelain et al., 1991; LeRoith et
al.,1993). This relationship is the basis for the GH-IGF-I axis. However, the situation with
tissue (autocrine or paracrine) IGF-I is less clear. Evidence for autocrine or paracrine IGF-I
includes the presence of mRNA for IGF-I and production of IGF-I in many tissues. Also,
levels of IGF-I and IGF-I mRNA vary in different tissues, and control of IGF-I synthesis by
GH occurs only in the liver (Chatelain et al., 1991).
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In the weanling rat, it has been shown that renal tissue IGF-I production is GH
independent, a finding that has also been shown in several tissues, including the kidney, in
young (6 months of age) sheep (Mulroney et al., 1992b; Hua et al., 1993). These findings
are different from traditional dogma that held that tissue IGF-I was strongly GH dependent.
It has been demonstrated in the fetus that IGF-I and IGF-II are not GH dependent because
in ancephalic fetuses, concentrations of IGF-I and IGF-II are not different from normal
individuals (Hill et al., 1992).

The possibility that IGF-I may be responsible for early CRG in the irnmaturé animal
has been demonstrated by Mulroney et al. These investigators were able to demonstrate
significant increases in renal IGF-I mRNA, IGF-I peptide, IGF-I receptor, and IGF-I ligand
binding 24 and 48 hours post-UNX in the weanling male rat (Mulroney et al., 1991;
Mulroney et al, 1992a; Mulroney et al., 1992b). The increase in renal IGF-I mRNA preceded
induction of the early response genes c-fos and c-jun and subsequent mitogenic response by
several hours, so IGF-I may be an integral part of induction of early response gene mediated
hyperplastic CRG in the immature animal (Mulroney et al., 1996). Again, the response in
the immature animal is different from the adult as neither renal IGF-I mRNA nor early
response genes were increased during early hypertrophic CRG in response to UNX in the
adult rat (Mulroney et al., 1996). However, until a specific in-vivo antagonist to IGF-I is
available, it will remain purely speculative that IGF-I is an initiator of CRG in the immature
animal.

Experiments concerning CRG and IGF-I in the fetus have not been performed. In
light of the findings in the rat, it might be expected that the fetus would be similar to the
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weanling rat. However, until such experiments are performed, this remains open to
speculation. Preliminary results of such studies in our laboratory indicate no increase in
expression of IGF-I mRNA in the remnant kidney in the late gestational ovine fetus in
response to UNX (unpublished observations).

Both IGF-I and IGF-II have been demonstrated to be important in the development
of the metanephric rat kidney (Rogers et al., 1991). Both IGF-I and IGF-II were
synthesized and released by the metanephric rat kidney and mRNA for both were also
isolated. Concentration of IGF-II released into the culture media of the metanephric kidney
was two times greater than IGF-I. However, monoclonal antibodies to either IGF-I or IGF-II
prevented growth and differentiation of metanephroi in vitro (Rogers et al., 1991). This
study suggests that both IGF-I and IGF-II are produced within the developing metanephric
kidney and both are necessary for renal growth and development to occur. So, it may be that
CRG in the fetus is dependant upon increases in IGF-I and IGF-II. To date, no studies have
been performed in the fetus investigating the role of IGF-I and IGF-II in CRG.

It appears that the initiation of CRG in the late term ovine fetus is GH independent.
However, administration of a GH release inhibiting factor along with UNX would be

necessary to fully discount GH as an initiator of CRG in the late term ovine fetus.
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Table 1.

Change in Plasma Growth Hormone Concentration 24 Hours Post-

Uninephrectomy.
Mean Growth Hormone Total Growth Hormone
Group Concentration (ng/ml) Secreted (ng/5 hrs)
Control 1357+ 14.7 40893.2 £ 4491.6
Nephrectomy 127.7+13.6 38163.4 £4013.3
Table 2. Change in Plasma Growth Hormone Concentration 72 Hours Post-
Uninephrectomy.
Mean Growth Hormone Total Growth Hormone
Group Concentration (ng/ml) Secreted (ng/5 hrs)
Control 156.3+17.9 38463.8 +5387.1
Nephrectomy 1284+17.8 46815.2 + 5321.0
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SUMMARY OF PARTS 2-4

This study accomplished all the research aims set forth in Part 1. By performing left
unilateral nephrectomy (UNX) on late gestational (> 130 days gestation, nephrogenesis
complete) fetal sheep and using the chronic sheep preparation, we were able to study the in-
utero response of the animal. Standard clearance techniques were used to document
glomerular filtration rate (GFR) in UNX animals and in age-matched sham operated (control)
animals. Additionally, functional parameters of fractional clearance of urinary electrolytes
and urine flow rate were measured.

The results indicated that the fetal sheep did not undergo an absolute increase in GFR
24 or 72 hours post-UNX as evidenced by a significant decrease in GFR in mls/min or
mis/min/kg body weight compared with control animals. However, there was no difference
in GFR between the groups when comparing GFR in mls/min/gm total kidney weight, and
GFR in mls/min/gm right kidney weight was significantly greater in UNX animals 24 and
72 hours post-UNX. This demonstrated that the remaining functional renal tissue was
performing at a higher level compared with control animals.

It is expected that fractional clearance of electrolytes will increase following an acute
reduction in renal mass. The results of this study confirmed that this occurs in the fetus 24
hours post-UNX as fractional clearance of sodium, potassium, chloride, and phosphate were
all increased, althouéh not significantly. By 72 hours post-UNX, fractional clearance of
electrolytes had decreased and values were very similar to control animals. This restoration
of glomerulotubular balance occurred very quickly as reports in postnatal animals indicate
that it takes 2-4 weeks for this response to be complete.
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We were unable to document an increase in urine flow rate 24 or 72 hours post-UNX.

An increase in urine flow rate accompanied by an increased electrolyte loss in the urine is
the usual response to an acute reduction in renal mass in postnatal animals. Hydration status
of the ewe and/or fetus, or changes in systemic blood pressure or intrarenal blood flow may
account for this finding.

It appears as if the late gestational ovine fetus responds very differently from the
postnatal animal in response to an acute reduction in renal mass. Absolute GFR does not
increase as is the case in the postnatal animal, but GFR per amount of functioning renal
tissue does increase. Also, glomerulotubular balance is restored much faster, and urine flow
rate does not increase.

Assessment of the magnitude and type of compensatory renal growth (CRG)
following UNX in the fetus demonstrated striking differences in comparison to postnatal
animals. The data did not indicate an increase in kidney weight of the remnant kidney
compared with age-matched controls 24 or 72 hours post-UNX. Although by 72 hours post-
UNX the renoprival had increased in total weight 8.5% above the normal growth
demonstrating a trend toward CRG. Also, the kidney weight to body weight ratio in the
remnant kidney was significantly greater then the ratio in the extant kidney 72 hours post-
UNX. This finding is in contrast to both immature and adult animals in which UNX results
in significant CRG within 24 hours. Other studies in fetal animals have found conflicting
results to UNX. It is possible that the response to UNX in the fetus depends on when UNX
was performed in relation to the completion of nephrogenesis. Other studies in fetal sheep
demonstrating CRG in response to a reduction in renal mass were performed prior to
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completion of nephrogenesis. It may be that the fetal kidney responds maximally to a
reduction in renal mass when the perturbation occurs prior to completion of nephrogenesis.
Also, had the current study examined the response to UNX over a protracted time course,
CRG may have been demonstrable.

By 72 hours post-UNX, an increase in remnant kidney DNA and protein content over
the extant kidney was demonstrated. As a percent increase, the increase in protein (51%)
was greater than the increase in DNA (40%) demonstrating that hypertrophy predominated
over hyperplasia. This is in sharp contrast to immature animals in which hyperplastic CRG
primarily occurs, and is more similar to adult animals in which hypertrophic CRG primarily
occurs. Had the animals been followed for a longer time post-UNX, and increase in DNA
and/or protein content of the remnant kidney over control values may have been documented.

Growth hormone (GH) was examined as a potential initiator of the adaptive response
to UNX. In rats, it is known that pulsatile GH secretion increases in the acute phase
following UNX in adult but not immature rats. The role of GH as a potential mediator of the
compensatory adaptation in the acute phase following UNX in the fetus was documented in
this study. No difference in mean GH secretion or in total GH secretion was found 24 or 72
hours post-UNX versus controls in the late gestational ovine fetus. The pulsatile nature of
GH secretion was also not different between the two groups. This finding is not surprising
in view of the lack of effect that GH has on the developing fetus. It is still possible that the
GH-insulin-like growth factor- I (IGF-I) axis may play a role in the compensatory response
to UNX. Preliminary results from experiments in this area have not shown an increase in
IGF-I mRNA in remnant kidneys 24 or 72 hours post-UNX in the ovine fetus.
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LIMITS OF THE PARADIGM

The advent of the chronic sheep preparation has allowed the science of fetal renal
physiology to greatly advance. However, there are some important limits to the model that
must be considered. First, in any study examining change in fetal growth, normal growth
must first be established in order to make meaningful statements about an increase in growth.
This is difficult to do in the fetus because of the great variability in individuals. The
presence of twins and even triplets complicates the matter even more in the sheep. In this
study, only single pregnancies were used for UNX animals so that the presence of other
fetuses would have no compensatory effect on the UNX fetus. Control animals were single,
twin, or triplet pregnancies so even though the controls were age-matched to the UNX group,
the comparison between the groups was not an exact 1 for 1 comparison.

An additional consideration of using this model is stress. Even though chronic
catheterization allows the study of the animal away from the acute stress of surgery and
anesthesia, studies done within the first few days following the catheterization procedure are
still subject to post-operative stress on the animal. The sheep as a research animal is
somewhat problematic in this regard as well because by nature, they are easily stressed. We
tried to minimize this aspect in our studies by performing them in a quiet room isolated from
other distractions, and by providing the ewe free accesses to food throughout the study
period. However, temperament of the animals was extremely variable, and some ewes were
obviously stressed during the study period.

A final limit of the chronic preparation is the failure rate. In this study, failure rate
due to catheter failure, lack of urine production by the fetus, non-physiologic fetuses, and
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lambing prior to study was approximately 25%. This rate is not extremely high for the
chronic sheep preparation, but is higher than studies in postnatal animals. Much detail must
be paid to proper handling and maintenance of the catheters in order to keep them patent and
prevent ascending infection to the fetus. Careful attention must also be given to the ewe in
the post-operative period, and any complications treated quickly to prevent loss of the fetus
and/or ewe. Monitoring of the ewe and fetus are easily accomplished by blood gas analysis
of both and by physical examination of the ewe, but both are highly labor intensive.

The chronic sheep preparation is a useful method to study perturbation of the fetus
in-utero, but the limits of the model must be kept in mind when interpreting results of such
studies. By using meticulous surgical technique and careful attention to blood gas status of
the fetus during surgery, fetal stress can be minimized. This along with physiologic
monitoring of the fetus and ewe in the post-operative period ensures that only fetuses in the
physiologic range are used for study. Any fetus that is not physiologic should be excluded

from study.
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